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ABSTRACT
H all e f f e c t  and r e s i s t iv i t y  m easurem ents h a v e  been  carr ied  
o u t as a fu n c tio n  o f  h y d r o s ta t ic  p r e ssu r e  and tem p eratu re on a 
number o f  sam ples o f  indium  p h o sp h id e  ran gin g  from  e x c e p t io n a lly  
pure to  h ig h ly  doped.
In th e  ca se  o f  p ure and l ig h t ly  doped InP an it e r a t iv e
s o lu t io n  o f  th e  Boltzm ann E quation  h as been  u sed  s u c c e s s fu l ly  to  
d escr ib e  th e  tem p eratu re and p r e ssu r e  d ep en d en ce o f  m o b ility  ov er  
th e  helium  tem p eratu re range.
M easurem ents on th e  h ig h e s t  m o b ility  sam ples o f  InP ev er  
grow n su g g e s t  th a t  th e  co n d u ctio n  band d eform ation  p o te n t ia l is  
6.7eV.
For th e  ca se  o f  h ig h ly  doped m ater ia l i t  w as fou n d  th a t
a th eo ry  o f  s c a tte r in g  from  a co rr e la ted  d is tr ib u t io n  o f
im p u r itie s  d esc r ib e s  b o th  th e  tem p eratu re and p r e ssu r e
d ep en d en ce o f  m o b ility  w ell.
P ressu re  d ep en d en t m o b ility  m easurem ents on  a sam ple h a v in g  
an im purity  d e n s ity  c lo se  to  th e  M ott tr a n s it io n  su g g e s t  th a t  th e  
in c lu s io n  o f  im purity  band co n d u ctio n  in  th e  a n a ly s is  i s  n e c e ssa r y  
even  a t n itro g en  tem p era tu res  and ab ove. Such an a n a ly s is  i s  u sed  
s u c c e s s fu l ly  to  d e scr ib e  th e  tem p eratu re and p r e ssu r e  d ep en d en ce  
o f  both  m ob ility  and H all ca r r ie r  co n cen tra tio n .
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CHAPTER 1
INTRODUCTION
The f i r s t  d e ta ile d  ex p er im en ta tio n  on InP w as ca rr ied  o u t by  
W elker (1953). A fter  an in i t ia l  p er io d  o f  e v a lu a tio n  in t e r e s t  in  
th e  m ater ia l w aned (presum ably  b eca u se  o f  i t s  s im ila r ity  to  th e  
more e s ta b lis h e d  GaAs).
In te r e s t  in  InP was rek in d le d , f i r s t  by th e  d isc o v e r y  o f  th e  
Gunn e f fe c t ,  la te r  by in te r e s t  in  th e  m ateria l fo r  s o la r  c e l l  
a p p lic a t io n s  and m ost r e c e n t ly  in  sem icon d u ctor  la y e r  s tr u c tu r e s .
InP in  con ju n ctio n  w ith  th e  a llo y s  InGaAs and GalnAsP i s  
im portant as a com ponent o f  em itte rs  and d e te c to r s  fo r  u se  in  
o p tic a l f ib r e  com m unications w here i t  i s  in v a lu a b le  a s  b o th  an  
a c t iv e  com ponent and as a su b s tr a te .
The d evelop m en t o f  new  grow th  te c h n iq u e s  h a s  le d  to  b o th  new  
a p p lic a t io n s  and im proved m ater ia l q u a lity  w ith  th e  a ch iev em en t o f  
p r e v io u s ly  u n p reced en ted  p u rity .
In th is  th e s is  th e  e le c tr o n  tr a n sp o r t  p r o p e r tie s  o f  InP are  
in v e s t ig a te d  as a fu n c tio n  o f  b o th  tem p eratu re and p r e ssu r e .  
V aria tion  o f  tem p eratu re h a s  lo n g  b een  u sed  as  a m ethod  o f  
stu d y in g  th e  m echanism s c o n tr o llin g  th e  e le c tr o n  m o b ility  in  
sem icon d u ctors, w h ils t  th e  e f f e c t  o f  p r e ssu r e  on band e n e r g ie s  and  
co n seq u en tly  on th e  e f f e c t iv e  m ass en a b le s  fu r th e r  s tu d ie s  o f  each  
m echanism . The rec en t d evelop m en t, a t Surrey, o f  a  h ig h  
p ressu r e /lo w  tem p era tu rece ll now en a b le s  b oth  v a r ia b le s  to  be  
a lter ed  s im u lta n eo u sly . In p a r tic u la r  th e  e f f e c t  o f  tem p era tu re
v a r ia tio n  on a v ery  h igh  p u r ity  sam ple o f  InP, h a v in g  th e  h ig h e s t  
m o b ility  e v e r  m easured has p rod u ced  in fo rm a tio n  ab ou t a c o u s t ic  
phonon  d eform ation  p o te n t ia l s c a tte r in g . P ressu re  v a r ia t io n  a t  low  
tem p eratu re on sam ples c lo s e  to  th e  M ott tr a n s it io n  h as sh ow n  th e  
im portance o f  th e  im p u rity  band on co n d u ctio n  in  th e s e  sam p les. In 
th e  ca se  o f  h ig h ly  doped sam ples th e  h ig h  p r e ssu r e /lo w  tem p eratu re  
c e l l  h as en ab led  in v e s t ig a t io n  o f  th e  e f f e c t s  o f  c o r r e la t io n  o f  
im p u r itie s  on e le c tr o n  tra n sp o r t.
The th e s is  i s  o rg a n ised  a s  fo llo w s . C hapter tw o d e sc r ib e s  th e  
c r y s ta l s tr u c tu r e , band s tr u c tu r e  and o th er  in tr in s ic  m ater ia l 
p r o p e r tie s . C hapter 3 d is c u s s e s  th e  Boltzm ann eq u a tio n  and  
m echanism s a f fe c t in g  th e  e le c tr o n ic  tr a n sp o r t  p r o p e r t ie s  o f  th e  
m ateria l. C onduction  a t low  tem p era tu re  in  an im p u rity  band is  
d escr ib ed  in  ch ap ter  4. The ex p er im en ta l a p p ara tu s and te c h n iq u e s  
u sed  in  th e  co u rse  o f  th is  w ork  are d e a lt  w ith  in  ch a p ter  5. In 
ch a p ter  6 r e s u lt s  o f  tem p eratu re and p r e ssu r e  in v e s t ig a t io n s  o f  
h ig h  p u r ity  and nom inally  undoped  InP are p r e se n te d  and d is c u s se d .  
C hapter 7 d ea ls  w ith  e le c tr o n  tr a n sp o r t in  doped  InP. F in a lly  
ch a p ter  8 i s  r e ser v ed  fo r  co n c lu d in g  rem arks and s u g g e s t io n s  fo r  
fu r th e r  work.
CHAPTER2
CRYSTAL STRUCTURE AND MATERIAL PROPERTIES
2.1 CRYSTAL STRUCTURE
InP l ik e  a ll  th e  w e ll known III-V sem ico n d u cto rs  crysta llises  
in to  th e  sp h a le r ite  (zinc b len d e) s tr u c tu r e . T h is i s  i l lu s tr a te d  
in  f i g u r e  2.1  w here th e  h e a v ie r  (In) atom s are sh a d ed  b lack . It i s  
s im ila r  to  th e  diam ond s tr u c tu r e  o f  group IV sem ico n d u cto rs  w ith  
th e  o b v io u s  d iffe r e n c e  o f  tw o ty p es  o f  atom. The s tr u c tu r e  i s  
o fte n  p ic tu red  as tw o in te r p e n e tr a tin g  fa c e  cen tred  cu b ic  
s tr u c tu r e s  d isp la ced  one from  th e  o th e r  by 1/4 o f  th e  body  
d iagon al.
From th e  diagram  i t  i s  c le a r  th a t  th e  b on d in g  i s  te tr a h e d r a l.
2 1The o u ter  e le c tr o n s  o f  th e  Indium  h a v in g  an s p c o n fig u r a tio n  and
2 3th o se  o f  P h osp h orou s h av in g  s p form . The fa v o u red  form  o f
3bonding is  th u s  c o v a le n t  w ith  th e  form ation  o f  sp  h y b rid  b on d in g  
o r b ita ls .
The f ir s t  B r illo u in  zone i s  i l lu s tr a te d  in  f i g u r e  2 . 2 .  The 
m ost im portant sym m etry p o in ts  are la b e l le d  and co rresp o n d  to  
th o se  in  f i g u r e  2 . 3 .  w hich  w ill  be d is c u s se d  la te r . From th e  
sym m etry o f  th e  f ig u r e  i t  i s  c lea r  th a t , w here a s  th e r e  i s  o n ly  
one T p o in t th e r e  are 6 e q u iv a le n t  X and 8 e q u iv a le n t  L p o in ts .
2.2 BAND STRUCTURE
The band s tr u c tu r e  o f  InP is  show n in  f i g u r e  2 . 3 .  T h is  
str u c tu r e  was ca lc u la te d  by C h e lik o w sk i and Cohen(1976). As fa r  as
f i g u r e  2.1  U nit C ell o f  z in c  b len d e  s tr u c tu r e
KJJ
f i g u r e  2 . 2  F ir s t  B r illo u in  fo r  z in c  b len d e  la t t ic e .
FI GURE 2 . 3  I n P  BAND S T R U C T U R E
X E rr A U, KL A
Band s t r u c t u r e  o f  InP fro m  C h e l i k o w s k y  a n d  C o h en  (1976)
our s tu d ie s  go th e  m ost im p ortan t p o in t  is  th e  r  p o in t a t th e  
B rillo u in  zone cen tre . Both th e  co n d u ctio n  band minimum and th e  
v a la n ce  band maximum occu r a t  th is  p o in t. It i s  th u s  a d ir e c t  gap  
sem icon d u ctor. The v a le n c e  band maximum c o n s is t s  o f  tw o d eg en era te  
bands; th e  l ig h t  and h eavy  h o le  bands and a th ird  c lo se  band; th e  
sp in  s p l i t - o f f  band.
The co n d u ctio n  band minimum is  fo r tu n a te ly  le s s  com p lica ted  
c o n s is t in g  o f  a s in g le  band, th e  n e x t  h ig h e s t  minimum L b ein g  
a p p rox im ately  0.5eV ab ove i t .  The X and L s a t e l l i t e  minima are  
s u f f ic ie n t ly  fa r  d isp la ced  in  en ergy  to  co n ta in  an in s ig n if ic a n t  
q u a n tity  o f  e le c tr o n s  a t room tem p eratu re and b elow  b u t becom e  
im p ortan t a t h igh  tem p era tu res, e le c tr ic  f ie ld s  or  p r e ssu r e s .  
V alu es o f  th e  im portant e n e r g ie s  and th e ir  tem p eratu re  and  
p r e ssu r e  c o e f f ic ie n ts  are ta b u la te d  la te r  in  ta b le  2.1.
At p o in ts  in  k  sp a ce  v e r y  c lo se  to  k=0 th e  co n d u ctio n  band  
en ergy  fo llo w s  a p a ra b o lic  r e la t io n s h ip  in  k. Where th e  en erg y  can  
be w ritten :
E= h V  2'2-X
*
2m
Here E i s  m easured from  th e  co n d u ctio n  band edge. A t la r g er  
v a lu e s  o f  k  non p a r a b o lic ity  i s  ta k en  in to  a cco u n t by w ritin g :
E(l+alE) = hffc2 2-2i2
2m
Where is  th e  n o n -p a r a b o lic ity  fa c to r  d e sc r ib in g  th e  d eg ree
o f  n o n -p a ra b o lo c ity .
2.3 CARRIER CONCENTRATION
2.3.1 INTRINSIC CASE
The ca rr ier  c o n cen tra tio n  n is  g o v ern ed  by th e  num ber o f  
o ccu p ia b le  co n d u ctio n  band s ta t e s  N(E) and a fu n c tio n  re p r e se n tin g  
th e  p r o b a b ility  o f  each  s ta t e  b ein g  fu ll .
For th e  to ta l  co n d u ctio n  band:
n = N(E).F(E).dE 2.3.1
E
The d e n s ity  o f  a v a ila b le  s ta te s  N(E) can be w r itte n  as:
N(E) = Q V2_  (Ec-  Ef )1/2 (md e)3/2
k 2 h3 2.3.2
F(E) = __________    2.3.3
1 + exp((Ec -  Ef )/KBT)
Where Q is  eq u a l to  th e  num ber o f  e q u iv a le n t  minima in  th e  
co n d u ction  band. For InP a t  a tm osp h eric  p r e ssu r e  e le c tr o n s  are  a t  
th e  T p o in t and Q = 1.
S u b s titu tin g  2.3.3 and 2.3.2 in to  2.3.1 and perform ing  th e  
in te g r a tio n  g iv es:
Where F is  th e  Ferm i in te g r a l w hich  is  a fu n c tio n  o f  th e  
1/2
red u ced  Ferm i le v e l  r) = E^/K„T:I  r>
Fl/2  ---------------  dr} 2.3.5Q 1 + ex p (i7 -  7?f )
For a n o n -d e g en era te  sem ico n d u cto r  under th e  co n d it io n  
KT « Ec:
7)f /K T
F^^ = v'tc e 2.3.6
and
n = Nc ex p {-(E c -E f )/KT} 2.3.7
fo r  h o les:
p = Nv exp {-(E f -Ey)/KT} 2.3.8
In th e  ca se  o f  an in tr in s ic  sem icon d u ctor  ea ch  co n d u ctio n  
band e lec tro n  h as a co rresp o n d in g  v a le n c e  band h o le . In t h is  case:
2n = p = n  ^ =» np = n  ^
and hence:
n. = / N H  exp (-E  / 2K_)T) 2.3.9l  v c v  g B ■
At room tem p eratu re ev en  in  th e  p u r e s t  sam p les o f  InP th e  
c a rr ier  co n cen tra tio n  is  dom inated  by c a r r ie r s  su p p lie d  by  
im p u rities . H ow ever a t h ig h  tem p era tu res in t r in s ic  ca r r ie r s  
dom inate and th e  band gap en erg y  can be o b ta in ed  a s  th e  s lo p e  o f  
th e  log(n) v e r su s  1/T p lo t.
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2.3.2 EXTRINSIC CASE
The in c lu s io n  o f  e ith e r  donor or a cce p to r  im p u r it ie s  in to  th e  
sem icon d u ctor le a d s  to  e x tr in s ic  co n d u ctio n . D onor or a cce p to r  
im purity  le v e ls  w ith  b in d in g  en e r g ie s  co rresp o n d in g  to  a sm all 
fr a c t io n  o f  th e  band gap and s u f f ic ie n t ly  sm all th a t  io n is t io n  can  
occu r a t norm al tem p era tu res are term ed sh a llo w . C a lcu la tio n  o f  
th e  b in d in g  e n e r g ie s  w as o r ig in a lly  c o n s id ered  by M ott and  
Gurney(1940) fo r  th e  ca se  o f  grou p s III and V im p u r it ie s  in  
s i l ic o n  and germanium.
The im p u rity  i s  co n s id ered  sim p ly  as an e le c tr o n  h a v in g  th e  
e f fe c t iv e  m ass o f  th e  sem icon d u ctor  band to  w hich  i t  i s  t ie d  
m oving in  th e  f ie ld  o f  th e  charged  im p u rity  io n . The problem  is  
th en  red u ced  to  th a t  o f  th e  hydrogen  atom  g iv in g :
* 4
E ..= m q n=l fo r  lo w e s t  2.3.10
Q „  2„2 2 2 l e v e l3271 E h n 
g
T his g iv e s  fo r  InP donor le v e ls  o f  7meV and a c c e p to r  le v e ls  
a t about 50meV.
S tr ic t ly  th is  e x p r e ss io n  is  o n ly  tru e  fo r  v e r y  low  im p u rity
a c t iv a t io n  en erg y
co n cen tra tio n s . At h ig h er  c o n c e n tr a tio n s  th e  don or (assum ing  
n -ty p e ) red u ces and e v e n tu a lly  d isa p p ea rs  as a  r e s u lt  o f  tw o  
e f fe c ts .  F ir s t  th e  la r g e  num ber o f  fr e e  e le c tr o n s  a t  h ig h  im p u rity  
c o n cen tra tio n s  w ill  ten d  to  scree n  th e  p o te n t ia l  due to  th e  
im purity  atom and seco n d ly  an in c r e a se  in  im p u rity  co n c e n tr a tio n  
w ill r e s u lt  in  red u ced  sp a c in g  b etw een  im p u r itie s  and in c r e a se d  
overlap  o f  w ave fu n c tio n s  a s so c ia te d  w ith  e le c tr o n s  on donor  
le v e ls .  T his w ill  ca u se  en ergy  le v e l  sp rea d in g  and th e  form ation  
o f  an im purity  band in  a s im ila r  way to  th e  form ation  o f  b an ds in  
a so lid  as in d iv id u a l atom s come to g e th e r . T h is e f f e c t  becom es  
p a r tic u la r ly  s ig n if ic a n t  w hen th e  in te r - im p u r ity  sp a c in g  is
16 -3red u ced  to  few  Bohr ra d ii. In InP th is  h appens a t  around  10 cm . 
By co n s id e r a tio n  o f  th e  co n d itio n s  fo r  ch arge  n e u tr a lity .
n + Na " = p + Nd +
n + _______________________   = ND -  NA 2.3.11
1 + g e x p [(E d -  Ef )/KT]
Where g is  th e  d eg en era cy  fa c to r  = 1/2 fo r  d on ors. A s im ila r
e x p r e ss io n  i s  o b ta in ed  fo r  h o le s  w ith  g = 1/4 due to  d ou b le
d egen eracy  o f  th e  v a le n c e  band. The b in d in g  e n e r g ie s  E , and Eq a
m a n ifest th em se lv es  in  th e  so  ca lled  " freeze-ou t"  reg io n  a t  low
tem p eratu re in  l ig h t  and a v e ra g e ly  doped sem ico n d u cto rs .
A nother e f f e c t  w h ich  can o ccu r as a r e s u lt  o f  th e  p r e se n c e  o f
im p u r itie s  i s  band ta il in g . T h is o n ly  becom es n o t ic e a b le  a t  h igh
18 _3im purity  co n c e n tr a tio n s  (» 10 cm fo r  InP). I f  th e  im p u rity
d is tr ib u t io n  i s  n o t un iform  th en  th e  a ttr a c tio n  o f  a rea s  o f  h ig h er  
co n cen tra tio n  (w here im p u r it ie s  are clum ped to g e th e r )  fo r  
e le c tr o n s  w ill ca u se  lo c a l d is to r t io n  o f  th e  c o n d u c tio n  and  
v a le n c e  band. There w ill  th en  be s p a t ia lly  se p a r a te d  t a i l  s ta te s  
b elow  th e  average p o s it io n  o f  th e  co n d u ction  band edge.
2.4 TEMPERATURE DEPENDENCE OF THE DIRECT BAND GAP
To app ly  th e  p receed in g  e x p r e ss io n s  to  a sem ico n d u cto r  a t  
f in it e  tem perature i t  i s  n e c c e ssa r y  to  know th e  tem p era tu re  
dep en d en ce o f  Eg. T his can be accou n ted  fo r  in  term s o f  tw o  
e f fe c t s .  L a ttice  d ila t io n , w hich  a cco u n ts  fo r  o n ly  a b o u t on e  th ird  
o f  th e  to ta l  s h if t  in  en ergy  and e lec tro n -p h o n o n  in te r a c t io n s . In 
th e  p resen ce  o f  p h onon s lo c a l d is tu rb a n c es  in  th e  band en ergy  
produce "dips" in  th e  co n d u ctio n  band ed ge in to  w h ich  e le c tr o n s  
"gravitate" . The o v e r a ll r e s u lt  b ein g  th e  a ccu m u la tio n  o f  
e le c tr o n s  in  areas o f  narrow er band gap p rod u cin g  a d e c r e a se  in
en ergy  gap a t h ig h er  tem p era tu res.
Ehrenreich(1957) g iv e s  th e  fo llo w in g  e x p r e ss io n  fo r  th e  
e f f e c t  o f  d ila t io n  on th e  band gap:
E (T) = E (0)- 31T 5E 1 0 . .g g — g -------  2.4.1
SP K
Where 1 is  th e  lin e a r  c o e f f ic ie n t  o f  therm al ex p a n s io n  and K 
i s  th e  co m p ress ib ility .
The tem p eratu re d ep en d en ce  o f  th e  band h a s b een  f i t t e d  
em p ir ica lly  by Varshni(1967) u s in g  :
Eg(T) = Eg(0) -  aT 2.4.2
T+/3
The v a lu e s  fo r  Eg(0) and th e  V arshn i c o e f f ic ie n t s  a and |3 are  
in c lu d ed  in  ta b le  2.1.
2.5 EFFECTIVE MASSES
E ffe c t iv e  m asses are r e la te d  to  th e  cu rv a tu re  o f  th e  bands. 
The k.p m ethod u se s  secon d  o rd er  p er tu rb a tio n  th e o r y  to  p ro v id e  a 
w ay o f  ev a lu a tin g  th e  band e n e r g ie s  and h en ce  th e  e f f e c t iv e
paqe. ic
m asses in  th e  reg io n  o f  a r e la t iv e  minima in  k sp a ce . The 
fo llo w in g  e x p r e ss io n  fo r  th e  e f f e c t iv e  m ass h as b een  d er iv ed  by  
(R oth e t . a l. (1959):
m E E + A o o
2.5.1
2
Where P i s  th e  in terb a n d  sq u ared  m atrix  e lem en t d escr ib in g
th e  co u p lin g  b etw een  bands.
The ab ove e x p r e ss io n  g iv e s  a c lu e  a s  to  th e  tem p era tu re  and
p ressu r e  d ep en d en ce o f  th e  e f f e c t iv e  m ass i f  th e  d ep en d en ce  o f  Eq
*is  known. The tem p eratu re d ep en d en ce o f  m may b e d e sc r ib e d  in  
term s o f  th e  above e x p r e s s io n  by in c lu d in g  th e  d ila t io n  e f f e c t  on  
Eq in  th e  E hrenreich  e x p r e ss io n  (eq u a tio n  2.4.1). T h is is
d isc u sse d  by Woods and S tra d lin g  (1968,1970).
*
The p ressu r e  d ep en d en ce  o f  m can again  b e u n d e rsto o d  by
*
2.5.1 s in c e  i t  i s  c lea r  th a t  m in c r e a se s  w ith  E .o
2.6 OTHER MATERIAL PARAMETERS
A part from a k n ow led ge o f  th e  e f f e c t iv e  m ass and band  
e n erg ie s  a number o f  a d d it io n a l param eters are  req u ir ed  to  
q u a n ta tiv e ly  a n a ly se  d a ta  u s in g  th e  e x p r e s s io n s  in  su b se q u e n t  
ch a p ters . S ev era l re v ie w s  o f  th e  p r o p e r tie s  o f  InP are a v a ila b le  
in c lu d in g  Bachmann (1981) and Adachi(1982), who r e v ie w s  a  num ber 
o f  III-Vs and th e ir  a llo y s .
The la t t ic e  co n sta n t, m ass d e n s ity , sou n d  v e lo c it y  and  
e la s t ic  co n sta n ts  are a ll  c lo s e ly  in te r -r e la te d  and h a v e  a b ea r in g  
on phonon sca tter in g .
The la t t ic e  c o n sta n t  and m ass d e n s ity  are r e la te d  to  
tem p eratu re th rou gh  th e  therm al ex p a n sio n  c o e f f ic ie n t .  The therm al
ex p a n sio n  c o e f f ic ie n t  can be regarded  as lin e a r  fo r  th e  reg io n  o f  
in te r e s t  to  th is  th e s is  a lth o u g h  th e r e  is  som e d e v ia t io n  from  
l in e a r ity  a t h ig h er  tem p era tu res  (>750K)(Glazov (1977)).
The la t t ic e  c o n sta n t q u o ted  is  fo r  291K and a tm osp h er ic  
p ressu r e . At ap p rox im ately  130 Kbar a p h a se  tra n sfo rm a tio n  ta k e s  
p la ce  w ith  th e  InP ta k in g  up th e  NaCl s tr u c tu r e  (Jam ieson  (1963)).
Sound v e lo c ity  m easurm ents (H ick ern e ll G ayton (1966)) r e v e a l  
th e  e la s t ic  c o n sta n t from  w hich  a c o m p r e ss ib ility  or  b u lk  m odulus 
may be ob ta in ed .
2.6.1 PHONONS
The phonon d isp e r s io n  cu rv es  fo r  InP are show n  in  f i g u r e  2 . 4 .  
The exp erim en ta l p o in ts  w ere o b ta in ed  by B orch erds e t . al.(1975) 
u sin g  in e la s t ic  n eu tron  s c a t te r in g  te c h n iq u e s . In th e  c a se  o f  
o p tic a l phonons th e  fr e q u e n c ie s  and can be regard ed  as  
ap p rox im ately  c o n sta n t th ro u g h o u t th e  zone.
2.6.2 DIELECTRIC CONSTANTS
The d ie le c tr ic  c o n sta n t i s  a m easure o f  th e  am ount o f
p o la r iza tio n  th a t can be in d u ced  by an e le c tr ic  f ie ld . At low
fr e q u e n c ie s  d ip o le s  p resen t in  th e  m ater ia l can fo llo w  th e  f ie ld ,
h ow ever a t h ig h er  fr e q u e n c ie s  su ch  th a t  l/o> » x^ w here x^ i s  th e
c h a r a c te r is t ic  tim e c o n sta n t fo r  th e  d ip o le  r e sp o n se  th e y  w il l  be
u n ab le  to  fo llo w . Two d ie le c tr ic  c o n s ta n ts  are q u o ted  e and e^ s  co
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f i g u r e  2 . 4  Phonon D isp ers io n  C urves fo r  InP
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Phonon D isp ers io n  C urves fo r  InP from  B orch erds et.a l.(1975)
rep re se n tin g  th e  low  freq u en cy  and h igh  fr e q u e n c ie s  r e s p e c t iv e ly .  
T hese are r e la te d  by th e  Lyddane Sachs T e ller  r e la t io n sh ip .
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2.6.3 DEFORMATION POTENTIALS
The d eform ation  p o te n t ia l i s  d e fin ed  as th e  s h i f t  in  en erg y
o f  th e  band edge p er u n it  e la s t ic  s tr a in .
The d eform ation  p o te n t ia l  te n so r  S i s  o f  rank  tw o. I f  th e
s tr a in  te n so r  S . . i s  d e fin ed  as: 
ij
S .. =
ij
Su . __ 1
d x .
flu,
dx .
y
Where u is  th e  d isp la cem en t o f  th e  u n it  c e ll .  Then th e  ch an ge  
in  en ergy  can be w ritten :
AE = V E .. S ..L n  11ij  13
H erring and V ogt (1956) show  th a t  fo r  cu b ic  c r y s ta ls  su ch  as  
th e  III-Vs th e  num ber o f  in d ep en d a n t d eform ation  p o te n t ia l  
com ponents red u ces  to  tw o w h ich  th e y  la b e l and r e la t in g  to  
pure d ila t io n  and pure sh e a r  r e s p e c t iv e ly . The r  v a l le y  i s  
u n a ffe c te d  by sh ea r  s tr a in s  (H erring and V ogt (1956)) and fo r  th is  
c a se  a deform ation  p o te n t ia l may be r e la te d  to  th e  p r e ssu r e  
c o e f f ic ie n t  o f  th e  band. It may th en  be d e fin ed  sim p ly  as:
Ei  =
dE 2.6.2
K dP
w here E in  th is  c a se  r e fe r s  to  th e  v a lu e  o f  th e  band en erg y  
a t th e  T p o in t w ith  r e s p e c t  to  som e p r e ssu r e  in d ep en d en t  
re fe ren ce .
It sh o u ld  be n o ted  th a t  i t  i s  norm ally  im p o ss ib le  to  s e p a r a te
con d u ction  and v a le n c e  band d eform ation  p o te n t ia ls  and w here a 
m easurem ent is  made by o p t ic a l te c h n iq u e s  i t  i s  th e  w h ole  d ire c t  
band gap d eform ation  p o te n t ia l th a t i s  m easured . That i s  to  say  
th e  E in  th e  ab ove e x p r e ss io n  i s  rep la ced  by E^. T here i s  ev id e n c e  
to  su g g e st  th a t th e  v a le n c e  band d eform ation  p o te n t ia l  i s  sm all in  
w hich  ca se  su ch  a m easurem ent w ill be o f  th e  co n d u ctio n  band  
d eform ation  band. T h is w ill be d isc u sse d  fu r th e r  in  ch a p ter  5.
2.6.4 PIEZO ELECTRIC CONSTANT
The d im en sio n le ss  p iezo  e le c tr ic  c o n sta n t  P i s  is o tr o p ic  fo r  
th e  zinc b len d e s tr u c tu r e . Rode(1975) w r ite s , fo r  z in c  b lende:
2 2 P = e f .  e 14 o
12 + 16 
C1 Ct 35
2.6.3
Where e ^  i s  th e  one in d ep en d en t e lem en t o f  th e  p iezo  
e le c tr ic  s t r e s s  te n so r  and c  ^ and c^ . are th e  sp h e r ic a lly  averaged  
e la s t ic  c o n sta n ts  fo r  lo n g itu d in a l and tr a n sv e r se  m odes.
Zook (1964) w r ites:
C1 = ( 3 x l l  + 2 c 12 + 4x 44^ 5 
c t = C^l l~  C12 + 3 x 4 4 ^ 5
The e la s t ic  c o n s ta n ts  h a v e  been  m easured  by H ick ern e ll and  
G ayton (1966) . S u b s t itu t in g  th e s e  in to  th e  a b o v e  e x p r e s s io n s  
sh ow s (Rode (1975)) th a t  fo r  s p h a le r ite  s tr u c tu r e s  th e  tr a n sv e r se  
mode sc a tte r in g  i s  ap p rox im ately  fo u r  tim es g r e a te r  than  
lo n g itu d in a l.
2.6.5 PRESSURE COEFFICIENTS OF ENERGIES AT CONDUCTION BAND MINIMA
Of th e  th ree  ty p e s  o f  minima th e  T minimum is  th e  m ost
X I
im portant to  th is  work. It i s  a lso  th e  e a s ie s t  to  m easure and  
c o n se q u e n tly  is  th e  b e s t  ca ta lo g u ed . A co m p a r itiv e ly  la r g e  num ber 
o f  m easurm ents o f  i t s  p r e ssu r e  d ep en d en ce h a v e  b een  made.
The h ig h er  minima are le s s  w e ll docum ented . The f ig u r e s  
q u oted  in  ta b le  2.1 s u g g e s t  th a t  th e  X minima do n o t c r o s s  th e  T 
minimum u n t il  p r e ssu r e  in  th e  reg io n  o f  100 kbar i s  reach ed . Thus 
in  a ll  th e  work d isc u sse d  h ere  th e  band gap rem ains d ir e c t .
TABLE 2 . 1  
MATERIAL PARAMETERS
PROPERTY SYMBOL V alue U nits R eferen ce
L a ttice  C onstan t
Mass d e n s ity
lin e a r  c o e f f ic ie n t  
o f  therm al ex p a n sio n
a
p iezo  e le c tr ic  co n st. e
E la s tic  T ensor  
com ponents
A verage lo n g itu d o n a l 
sou n d  v e l o c i t y
E le c t r o n  en ergy  a t  
T minimum
E le c t r o n  en ergy  a t  
X minimum
M
th
14
: 1 1
C12
44
U 1
EX
5.8688 X
4.787
4.56
10.22
5.76
4.60
5.032
1.421
2.22
-3gem 
10"6 K_ 1
-0.035 cm-2
i n 1 0 „  -2  10 Nm
in*0™ " 210 Nm
, n1 0 »T - 2  10 Nm
m 3  “ 11 0  ms
eV
eV
a
b
E le c t r o n  Energy a t  
L minimum
V arshni c o e f ic ie n ts a
1.92 eV
-44.906 10 eV
g
0
dEf
dP
dP
— L 
dP
327
8.5
-2.4
2.0
327K
meVKb - 1
meVKb - 1
meVKbar -1
PROPERTY SYMBOL v a lu e
*
e f f e c t i v e  m ass m
*
d L n fm  ) 
dT
dlnC m  )
dP
s t a t i c  d i e l e c t r i c  e
c o n s t a n t  s
h ig h  f r e q u e n c y  e
d i e l e c t r i c  c o n s ta n t  00
d l n f e  )------ 5---S^
dT
■4 .1 n ( c  )
00
dT
d ln C e  )  1—
dP
d i n U )CO
dP
l o n g i t u d i n a l  o p t i c  u ,
p h o n o n  f r e q u e n c y  °
t r a n s v e r s e  o p t i c  o
p h o n o n  f r e q u e n c y  °
dw,  — l o
dT
dw , — t o
dT '
d u ,  — l o
dP
d o , — t o
dP
0 .0 8 2
- 2 . 2
0.53
12.56
9.78
19.0
-1 .4
-1 .3
344
303
5.4
5.8
c o n d u c t io n  band E^
d e f o r m a t io n  p o t e n t ia l
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CHAPTER 3
C . X
TRANSPORT THEORY
3.1 INTRODUCTION
In a r e a l sem ico n d u cto r  th e  m otion  o f  an e le c tr o n  under  
ap p lied  e le c tr ic  f ie ld  i s  im peded by in tr in s ic  m echanism s, 
( la t t ic e  s c a tte r in g ) , by e x tr in s ic  e f f e c t s  (im p u rity  and d e fe c t  
sc a tte r in g )  and by th e  p rese n c e  o f  o th e r  ca rr ier s .
In th is  ch a p ter  th e  in f lu e n c e  o f  v a r io u s  s c a tte r in g  
m echanism s i s  d isc u sse d . E x p ress io n s  fo r  th e  e f f e c t  o f  each  
m echanism  are g iv e n  in  term s o f  p a r tia l m o b ilit ie s , th e  m o b ility  
an e le c tr o n  w ould  h a v e  i f  th e  m echanism  u n der d is c u s s io n  w ere th e  
on ly  s c a t te r e r  p resen t. A m ethod o f  com bining a l l  th e  e f f e c t s  to  
produce a to ta l  m o b ility  -  th e  it e r a t iv e  s o lu t io n  o f  th e  Boltzm ann  
eq u a tio n  -  i s  d isc u sse d . T his m ethod d o es n o t in v o lv e  a k n ow led ge  
o f  th e  p a r tia l m o b ilit ie s  and in s te a d  r e q u ir e s  a w ave v e c to r  
d ep en d en t r e la x a tio n  ra te  fo r  each  m echanism . T h ese  r e la x a t io n  
ra te s  are ta b u la ted  in  ap p en d ix  (i) . The p a r t ia l m o b ilit ie s  are  
q u oted  in  th is  ch a p ter  b eca u se  th e y  le a d  more r e a d ily  to  sim p le  
com parison  w ith  exp er im en ta l r e s u lts .
3.2 THE BOLTZMANN EQUATION
If a q u a n tity  f^Xr) is  d e fin ed  so  th a t  i t  r e p r e se n ts  th e  
co n cen tra tio n  o f  ca rr ier s  in  th e  s ta te  k a t p o s it io n  r  in  sp a ce  
th en  th ere  are th ree  w ays in  w hich  ^ ( r )  can ch an ge w ith  tim e. 
T hese are : by d if fu s io n , by th e  e f f e c t s  o f  e x te r n a l f ie ld s  and by  
sc a tte r in g .
The ra te  o f  change o f  th e  d is tr ib u t io n  due to  d if fu s io n  can
be w r itten  as fo llo w s
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The e f fe c t s  o f  b oth  e le c tr ic  and m agn etic  f ie ld s  can be  
in c lu d ed  by m eans o f  th e  L o r e n tz  e q u a t io n  :
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The e f f e c t s  o f  s c a t te r in g  can  be in c lu d ed  b y  th e  f o l lo w in g  :
i t  
a t  ’ s c a t t
S ( k , k ' ) . f k . ( l - f k / ) -  S(k7 , k ) . f k , . ( 1—f k ) r dk 3 . 2 . 4
In th e  ab ove th e  e le c tr o n  i s  s c a tte r e d  from  s ta te  k  to  s ta t e  
k 7 and v ic e -v e r s a . s (k 7 ,k) i s  th e  p r o b a b ility  p er  u n it  tim e th a t  
an e le c tr o n  in it ia l ly  in  th e  s ta te  k 7 m akes a tr a n s it io n  to  th e  
s ta te  k. s (k 7 ,k) i s  known as th e  d if fe r e n t ia l  s c a t te r in g  r a te .
The in te g r a l s ta te s  th a t th e  r a te  o f  ch an ge o f  f  w ith  t  due  
to  s c a tte r in g  p r o c e sse s  d ep en d s on th e  p ro d u ct o f  th e  b a s ic  
tr a n s it io n  p ro b a b ility , th e  d e n s ity  o f  e le c tr o n s  in  s ta t e  k  and  
th e  number o f  v a ca n c ie s  in  th e  s ta te  k 7 in te g r a te d  o v e r  a l l  
p o ss ib le  s ta te s .
com bining 3.2.1, 3.2.2, 3.2.4 :
0 = -(e/h)F.Vk .f(k) + Jdk|s(k,k7)f(k) -  S (k 7 ,k)f(k7 )J 3.2.5
W here i t  h a s  b e e n  a ssu m ed  f o r  th e  tim e  b e in g  t h a t  S  = 0.
3.2.2 DRIFT AND HALL MOBILITIES
I n it ia lly  th e  d r if t  m o b ility  i±  ^ i s  d e fin ed  a s  th e  a v erage  
e le c tr o n  v e lo c ity  p er u n it  f ie ld  m easured  as th e  f ie ld  F ten d s  to  
zero . It can be w ritten :
J  V^E f(k ) dk
h F f(k ) dkJ 3.2.6
3.2.7= e < t > *
m
Where <t> i s  th e  s c a tte r in g  r e la x a t io n  tim e, 
The H a ll m o b il i t y  i s  w r itte n  :
p , j  = e<x^> 3.2.8
IT ^ am <t >
2I f  t i s  en ergy  d ep en d en t th en  in  g en era l th e  r a t io  r=<x >/<t> 
w ill  n o t be eq u a l to  u n ity  and th e  d r if t  and H all m o b ilit ie s  w ill  
d if fe r  by a m u lt ip lic a t iv e  fa c to r  r w hich  norm ally  v a r ie s  b etw een  
one and tw o. T his q u a n tity  i s  o f te n  known as th e  H all fa c to r .
3.2.2 MATTHESSEN'S RULE
This r e s u lt s  from  th e  r e la x a t io n  tim e ap p rox im ation  w hich
assu m es th a t  th e  d is tr ib u t io n  o f  e le c tr o n s  em erging from
c o l l is io n s  is  in d ep en d en t o f  th e  d is tr ib u t io n  im m ed iate ly  p r io r  to
th e  c o l l is io n . Then th e  r a te  a t  w hich  th e  d is tr ib u t io n  f  r e la x e s
back  to  f  th e  Ferm i D ir a c  d is tr ib u t io n  can be w ritten :  o
^  3.2.9
St T(k)
Where th e  r e la x a t io n  tim e t  i s  w ritten :
l/x (k ) = jT 1/T.(k) 3.2.10
i
If i t  i s  a lso  assum ed th a t  t i s  k in d ep en d en t th en  a d ir e c t  
co n seq u en ce  o f  3.2.10 is :
l/li  = l  1 hi.x 3.2.11
i
T his i s  known as M a tth iessen ’s  ru le  and h as b een  u sed  in  th is  
w ork in  a few  c a se s  w here approxim ate e v a lu a t io n s  o f  th e o r e t ic a l
m o b ilit ie s  are req u ired . A ll th e  a ccu ra te  c a lc u la t io n s  h a v e  b een
perform ed u sin g  th e  I te r a t iv e  S o lu tio n  o f  th e  Boltzm ann E q u ation
d escr ib ed  in  th e  n e x t  s e c t io n .
3.2.3 THE ITERATIVE SOLUTION OF THE BOLTZMANN EQUATION
This i s  a tech n iq u e  f i r s t  u sed  by Rode (1970). T h is m ethod  
d o es  n o t in v o lv e  th e  assu m p tion  con n ected  w ith  M a tth ie ssen 's  r u le  
th a t  th e  e lec tro n  d is tr ib u t io n  is  known p r io r  to  com bin ing th e  
p a r tia l m o b ilit ie s . The d is tr ib u t io n  fu n c tio n  is  c a lc u la te d  from  a 
k n ow led ge o f  in d iv id u a l k d ep en d en t r e la x a tio n  r a te s  b e fo r e  th e
e f f e c t s  are com bined to  p rod u ce an o v e r a ll  m o b ility . S econ d ly  th e  
problem  o f  d e fin in g  a s in g le  r e la x a tio n  ra te  fo r  th e  in e la s t ic  
p r o c e ss  o f  p o la r  o p t ic  p honon  s c a tte r in g  is  a v o id ed  by th e  
in c lu s io n  o f  sep a ra te  s c a t te r in g - in  and s c a t te r in g -o u t  r a te s .
Rode (1970) w r ite s  th e  to ta l  d is tr ib u t io n  fu n c tio n  fo r  th e  
low  ap p lied  f ie ld  c a se  as :
The fu n c tio n  i s  d iv id ed  in to  tw o p a r ts  an eq u ilib r iu m  p art  
f  , w hich  i s  th e  Ferm i-D irac d is tr ib u t io n , and a p e r tu rb a tio n  p art  
g. x  is  th e  c o s in e  o f  th e  a n g le  b etw een  k  and th e  d r iv in g  fo r c e  
(in  th is  c a se  e le c tr ic  f ie ld  F). The in d u ced  d r if t  cu rren t i s  
e n t ir e ly  co n ta in ed  in  g.
S u b s titu t in g  3.2.12 in  3.2.5, m u ltip ly in g  by x  and  
in te g r a tin g  o v er  x  p rod u ces (accord in g  to  Rode(1975)) th e  
fo llo w in g  eq u a tio n  :
eF 5 f  = v . -  v d o t______ o _ i_____ o 3.2.1.
h 5 k  x
Where th e  v ., v are th e  s c a tte r in g  p r o b a b ility  f lu x e s  due to  
th e  u n balan ced  p art o f  th e  d is tr ib u t io n  g.
If th e  d if fe r e n t ia l  s c a tte r in g  r a te s  s (k ,k ') are  know n th en  
i t  i s  p o s s ib le  to  o b ta in  th e  d is tr ib u t io n  g(k) from  3.2.13. in  th e  
fo llo w in g  way.
For a c o u s t ic  phonon d eform ation  p o te n t ia l,  p ie z o -e le c tr ic  and  
io n ise d  im purity  a sc a tte r in g  ra te  in c lu d in g  b o th  y^and i>Qcan  be
3.2.12
J d k  - | s ( k , k '  ) x g ( k ) j 3.2.14
3.2.15
d efin ed  (Rode(1975))
S = v -  v . o o 1
x g (k )
3.2.16
Where a ll  s c a tte r in g  m echanism s h a v e  been  com bined  in to  SQ.
For th e  ca se  o f  p o la r  o p tic  p h on on s th e  s c a t te r in g -o u t  r a te  can
a ls o  be in c lu d ed  in  S . H ow ever th e  in e la s t ic  n a tu re  o f  th iso
s c a tte r in g  m echanism  req u ir e s  th a t  g(k) be e v a lu a te d  a t  d if fe r e n t  
w a v ev ec to rs  k + or k fo r  s c a t te r in g - in  d ep en d in g  on w h eth er  phonon  
em iss io n  or a b so rb tio n  h as ta k en  p lace .
P u ttin g  eq u a tio n s  3.2.18, 3.2.17 and 3.2.16 in to  3.2.13
r e s u lt s  in .
g(k) = S ip o g(k+) + S i p o g(k } " S L J l oip o ___________^  h 6  k 3.2.19
S o
In p r a c tic e  a more s o p h is t ic a te d  form  is  u se d  w hich  a llo w s  
a d d it io n a lly  fo r  th e  p ertu rb in g  e f f e c t s  o f  f in i t e  m agn etic  f ie ld .  
The t o t a l  d i s t r ib u t io n  i s  w r itten  :
f t  = f Q + x g (k ) + y h ( k )  3.2.20
Where h(k) is  th e  d is tr ib u t io n  due to  th e  m agn etic  f ie ld  
e f f e c t  a lo n e  and y  i s  th e  c o s in e  o f  th e  a n g le  b e tw een  B~F and k. 
The o th er  param eters are th e  sam e as in  th e  p r e v io u s  e x p r e ss io n .  
R ode (1973) sh ow s th a t  th e  problem  th en  becom es on e  o f  s o lv in g  th e  
fo llo w in g  tw o cou p led  d if fe r e n t ia l  eq u a tio n s  :
= SIi ( g i )  -  e E f i l o  + e SW
______________ h dk    3.2.21
( S I o + s e l ) (1 + p2 )
h = S I . ( h . )  -  e M  + | 3SI . ( g . )
1 1  1 1 h 8  k   1 1 3.2.22
( s i o + S e l ) ( 1  + p 2 )
Where p = eB ( SI + S v ) v o e l '
In th is  ca se  Sl^and SIQ r e p r e se n t in e la s t ic  s c a t te r in g  in to  
and o u t o f  th e  volum e elem en t in  q u e stio n . Se  ^ i s  th e  sum o f  a ll  
e la s t ic  s c a tte r in g  r a te s . T his i s  th e  form  u sed  in  our I.S.B.E.. 
The in c lu s io n  o f  th e  e f f e c t  o f  m agn etic  f ie ld  a llo w s  H all 
m o b ilit ie s  to  be ca lcu la ted .
SCATTERING MECHANISMS
The r e s t  o f  th is  ch a p ter  d e sc r ib e s  a num ber o f  s c a tte r in g  
m echanism s w hich  n eed  to  be co n s id ered  w ith  r e s p e c t  to  InP. It i s  
d iv id ed  in to  tw o s e c t io n s . The f ir s t  d e a ls  w ith  th o se  in tr in s ic  
m echanism s w hich  are a d ir e c t  p ro p erty  o f  th e  m ateria l. The secon d  
d e a ls  w ith  e x tr in s ic  fa c to r s  r e s u lt in g  from  im p u r itie s  and  
im p erfec tio n s . T hose m echanism s w hich  are in c lu d ed  in  th e  I.S.B.E. 
are ta b u la ted  in  ap p en d ix  (i) in  th e  form  o f  r e la x a t io n  r a te s .
3.3 LATTICE SCATTERING
At tem p eratu res ab ove OK th e  atom s o f  th e  la t t ic e  w ill  
v ib r a te  ab ou t th e ir  eq u ilib r iu m  p o s it io n s . There are a num ber o f  
d if fe r e n t  w ays th e y  can do th is .  The w ave o f  v ib r a t io n s  p a ss in g  
th rou gh  th e  c r y s ta l can be e ith e r  o f  th e  lo n g itu d in a l ty p e  or o f  
th e  tr a n sv e r se  typ e . In a d d itio n  fo r  c r y s ta ls  c o n ta in in g  tw o  atom s  
p er u n it  c e l l  th e  tw o ty p e s  o f  atom s can form  se p a r a te  ch a in s  
v ib r a tin g  in  a n ti-p h a se  w ith  one a n oth er . It i s  c le a r  th a t  th e s e  
v ib r a tio n s  can be p a ired  in  fo u r  ways; lo n g itu d in a l and tr a n sv e r s e  
w ith  n eigh b ou rin g  atom s in  p h a se , and lo n g itu d in a l and tr a n sv e r se  
w ith  n eigh b ou rin g  atom s in  a n ti-p h a se . The in -p h a se  v ib r a t io n s  are  
known as a c o u stic  as th e y  can p rop o g a te  no fa s t e r  th an  th e  sp eed  
o f  sound . The a n t i-p h a se  v ib r a t io n s  are known as o p tic . L ook in g  a t  
th e  a c o u s tic  p h ase f ir s t .  T here are tw o w ays th e s e  can s c a t te r  
e le c tr o n s .
3.3.1 DEFORMATION POTENTIAL ACOUSTIC MODE SCATTERING
R arefaction  and d ila t io n  o f  th e  la t t ic e  atom s a s so c ia te d  w ith
lo n g itu d in a l a c o u stic  w aves ca u se  lo c a l ch an ges in  th e  band gap  
and d is to r t io n  o f  b o th  co n d u ctio n  and v a le n c e  bands. An e le c tr o n  
m oving in  th e  con d u ctio n  band s e e s  a p o te n t ia l p rod u ced  by th is  
atom ic d isp lacem en t, th e  m agn itude o f  w hich  i s  a s so c ia te d  w ith  th e  
d eform ation  p o te n t ia l. The en erg y  s h i f t  in  th e  co n d u ctio n  band (in  
ev) i s  eq u a l to  th e  p rod u ct o f  d eform ation  p o te n t ia l and s tr a in  
due to  th e  a c o u s t ic  v ib r a tio n .
B ardeen and S h o ck ley  (1950) g iv e  th e  fo llo w in g  e x p r e s s io n  fo r  
d eform ation  p o te n t ia l lim ited  e le c tr o n  m ob ility .
Where E  ^ is  th e  co n d u ctio n  band d eform ation  p o te n t ia l  (fo r  
n -ty p e  m ateria l), p i s  th e  m ass d e n s ity  and u^ i s  th e  a v era g e  
lo n g itu d in a l sound  v e lo c ity .
3.3.2. PIEZO-ELECTRIC SCATTERING
T his m echanism  o ccu rs i f  th e  atom s c o n s t itu t in g  th e  c r y s ta l  
are p a r tly  io n ise d . The d isp la cem en t o f  e le c tr o n s  from  th e ir  
eq u ilib r iu m  p o s it io n s  c a u ses  a r e d is tr ib u t io n  o f  ch a rg e  and ch an ge  
in  p o te n tia l. Zook(1964) g iv e s  th e  fo llo w in g  e x p r e s s io n  fo r  
P ie z o -e le c tr ic  lim ited  e le c tr o n  m ob ility ;
3eK _Jj 1
3.3.1
U = 1.714(10) e Tpe ----------1— f----- s —o r ^ T - ^ m * - 3 / 2
6 14( 4 / C t  + 3 / C l )
3.3.2
e i s  th e  p ie z o -e le c tr ic  c o e f f ic ie n t  and C^, C  ^ a re  th e  
tr a n sv e r se  and lo n g itu d in a l e la s t ic  c o e f f ic ie n t s  d is c u s s e d  in  
ch a p ter  2 .
This m echanism  i s  o f  som e im portance to  InP a t  low  
tem p eratu res. H ow ever ev en  in  th e  p u r e s t  m a ter ia l i t  i s  s t i l l  
ob scu rred  a t low  tem p era tu res  by io n is e d  im p u r it ie s  and a t h igh  
tem p eratu res by b o th  p o la r  ph onon s and d eform ation  p o te n t ia l  
s c a tte r in g .
E lectron s can b e s c a t te r e d  by o p t ic a l p h o n o n s in  tw o w ays
a lso .
3.3.3 OPTICAL MODE DEFORMATION POTENTIAL
O ptic v ib r a t io n s  can a lso  produce a p er tu rb in g  p o te n t ia l  
w hich  in  th is  ca se  i s  p r o p o r tio n a l to  th e  s tr a in  in d u ced  by th e  
o p tic  phonon. The m agnitude o f  th e  e le c tr o n  in te r a c t io n  w ith  th is  
o p tic  p o te n tia l i s  h ig h ly  d ep en d en t on band s tr u c tu r e  sym m etry and  
ten d s  to  be w eak fo r  e le c tr o n s  a t  th e  T p o in t  or  a t  th e  <1 0 0 > 
minima (C onw ell (1967)). The s tr o n g e s t  in te r a c t io n s  are  w ith  <111> 
minima. It i s  co n se q u e n tly  un im portant fo r  m ost com pound  
sem icon d u ctors.
The m o b ility  lim it  fo r  th is  m echanism  i s  d is c u s se d  by C onw ell 
(1959), (1967).
3.3.4 P o lar o p tic  phonon sc a tte r in g .
For m ateria ls  c o n ta in in g  tw o or more d if fe r e n t  atom s e.g . a l l  
com pound sem icon d u ctors  th is  i s  an im portant s c a t te r in g  m echanism ,
S ca tter in g  o ccu rs v ia  e le c tr ic  f ie ld s  w hich  are s e t  up by LO 
p h onon s. T ran sverse  o p tic  p h onon s do n o t p rod u ce m acroscop ic  
f ie ld s  and do n o t ta k e  p art in  th is  s c a tte r in g  p r o c e ss .
T his is  th e  dom inant m echanism  in  InP a t room tem p eratu re. 
The ea r ly  w ork o f  E h ren reich  (1959) h a s been  ex ten d ed  by F o r tin i  
e t . a l. (1970) to  p rod u ce th e  fo llo w in g  e x p r e ss io n  fo r  p o la r  o p tic  
phonon  l im ite d  m o b i l i t y  :
Mp0  = 1 6 h e ^ ( 2tiK^ 2  ) G ( z ) ( e x p ( z ) - 1  ) T ^ m  ^  3.3.3
3 6 0 , ( 1 /e  -  1 /e  )
1 v ' oo o
In th is  e x p r e ss io n  z i s  th e  red u ced  phonon en erg y  (hw^/KgT) 
and G(z) is  a fu n c tio n  o f  z w hich  v a r ie s  b etw een  . 6  and 1.5 o v er  
th e  range o f  in te r e s t .
The p r e v io u s ly  m entioned  p r o c e s se s  o f  la t t i c e  s c a t te r in g  may 
be fu r th e r  su b -d iv id e d  in to  more c la ss e s :  in tr a v a lle y  and
in te r v a l le y  sc a tte r in g .
In a la t t ic e  s c a tte r in g  e v e n t  th e  to ta l  en erg y  o f  th e  
e le c tr o n  and phonon are co n serv ed . I f  an e le c tr o n  tr a v e l l in g  in  
th e  lo w e s t  minimum n ear th e  T p o in t i s  s c a tte r e d  by a lo w  w ave  
v e c to r  phonon i t  w ill  n o t, b eca u se  o f  momentum c o n se r v a t io n , be  
s c a tte r e d  o u t o f  th is  minimum. S ca tter in g  in  w h ich  th e  c a r r ie r  
rem ains in  th e  sam e v a lle y  is  known as in tr a v a lle y  s c a t te r in g  and  
i s  th e  p ro cess  co n sid ered  so  far .
In m ateria ls  w here th e r e  are s e v e r a l e q u iv a le n t  m inim a c lo s e  
in  en ergy  i t  may be p o s s ib le  fo r  an e le c tr o n  to  be s c a t te r e d  by  a 
la r g e  w ave v e c to r  phonon to  a n o th er  v a lle y . T h is i s  p a r t ic u la r ly
l ik e ly  in  th e  ca se  o f  in d ir e c t  sem ico n d u cto rs . A t h ig h  f ie ld s  an 
e le c tr o n  may ga in  en ou gh  en erg y  w h ils t  tr a v e llin g  in  a low  v a lle y  
to  be sc a tte r e d  a t c o n sta n t en ergy  to  h ig h er  v a lle y s .  S c a tte r in g  
from  one v a lle y  to  a n o th er  in  th is  way i s  term ed in te r v a lle y  
sc a tte r in g .
In InP in te r v a lle y  s c a t te r in g  w ill  becom e s ig n if ic a n t  a t  h igh  
p r e ssu r e s  w hen th e  m ater ia l i s  c lo se  to  becom ing in d ir e c t . Our 
exp erim en ts h ere  h a v e  b een  lim ited  to  8 Kbar and th e r e fo r e  su ch
X
e f f e c t s  are n o t in c lu d ed  in  th e  a n a ly s is . A f u l l  d is c u s s io n  o f  
s c a tte r in g  in  many v a lle y  sem ico n d u cto rs  i s  g iv e n  by H erring  and  
V ogt (1956).
3.4 EXTRINSIC SCATTERING
3.4.1 IONISED IMPURITY SCATTERING
Im pu rities are in c lu d ed  in  a sem icon d u ctor  e ith e r  by a c c id e n t  
due to  lim ited  p u r ity  o f  so u r c e  m a ter ia ls  and c le a n lin e s s  o f  
grow th  equipm ent or d e lib e r a te ly  in  an a ttem p t to  d op e th e  
m ateria l to  crea te  fr e e  c a r r ie r s  o f  th e  ch o sen  ty p e . In g e n e r a l  
th e s e  im p u rities  w ill  be io n is e d  a t tem p era tu res  a b o v e  a few  
K elvin . The Coulomb p o te n t ia l o f  th e  ion  w il l  s c a t t e r  th e  
e le c tr o n . It can be th o u g h t o f  in  a w ay s im ila r  to  R u th erfo rd  
s c a tte r in g . I f  a s c a tte r in g  c r o s s  s e c t io n  is  d e fin ed  as :
4
(r(e)dc<> « co sec  (0 / 2)dco 3.4.1
Where th e  e le c tr o n  i s  s c a tte r e d  th rou gh  an a n g le  dw in to  a 
s o lid  a n g le  0 .
The c o n d u c t io n  c r o s s  s e c t io n  i s  d e fin ed  as :
r 1 'cr = 2n \ ( l-c o s^ tr (0 )  sinG dG 3.4.2
C o
Then upon in te g r a tio n  an in f in i te  co n d u ctio n  c r o ss  s e c t io n  is
ob ta in ed . It i s  th e  fa c t  th a t  th e  Coulomb f ie ld  o f  th e  charged
cen tre  d oes n o t ex ten d  to  la r g e  d is ta n c e s  b eca u se  i t  i s  m od ified
by th e  p resen ce  o f  c a rr ier s  and by th e  n e ig h b o u r in g  im p u r it ie s
th a t  p r e v e n ts  th is  o ccu ren ce  in  r e a lity . There h a v e  b een  v a r io u s
attem p ts to  m odify  th is  e x p r e ss io n . C onw ell and W eiskopf (1950)
1/3d efin ed  a ra d iu s  eq u a l to  1 / 2 .(Np ' (h a lf  th e  mean d is ta n c e  
b etw een  im p u r itie s) beyond  w hich  th e  Coulomb f ie ld  i s  assum ed to  
be in e f fe c t iv e .
D in g le  (1955) h as m od ified  th e  ab ove by ap p roach in g  th e  
problem  from  th e  fa c t  th a t  th e  f ie ld  o f  th e  ch arged  c en tre  
m o d ifie s  th e  ca rr ier  d is tr ib u t io n  in  i t s  v ic in ity  so  th e  
e le c tr o s ta t ic  p o te n t ia l d ecays as ( l/r )e x p (-r /d )  w here r  i s  th e  
d is ta n c e  from  th e  cen tre  and d i s  th e  d eb ye le n g th .
The th eo ry  o f  B rookes and H erring (1955) h a s made an a ttem p t  
to  m odify D in g les  th eo ry  fu r th e r  to  in c lu d e  sc r e e n in g  by  
n eigh b ou rin g  im p u r itie s  in c lu d in g  (fo r  n -ty p e  m a ter ia ls )  
com pensating  a ccep to rs .
B rookes H erring th eo ry  g iv e s  th e  io n is e d  im p u rity  lim ited  
m o b ility  a s  :
- 1
l n ( l + b )  -   b_ 1"BH = 1 2 8 / J %  ( c o£ s ^ B ^  
m N Z q 3
3/2
1 +b
W here b = 4k'
0 !
3.4.3
nd  = q
e e K„T  o s B
n F
z l l l  + (N p - r Na .. ~ n ) ( N A + _n)
1 / 2 N
3.4.4
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Where F ^  anc* ^ - 1/ 2  are Fermi in te g r a ls  o f  o rd er  1/2 and -1 /2  
r e sp e c t iv e ly . T hese are ta b u la te d  in  ap p en d ix  ( i i ) .  The r a t io  o f  
Fermi in te g r a ls  in  eq u a tio n  3.4.4. v a r ie s  b etw een  1 and 2 fo r  
c a se s  o f  in te r e s t .
A sim pler, s l ig h t ly  more re a d ily  u n d e rsta n d a b le  form  o f  
eq u a tio n  3.4.3. may be d er iv ed  by m aking th e  ap p ro x im a tio n  b » 1 
in  w hich  ca se  th e  term  in  b ra ck e ts  red u ces  to  (ln (b )) \  I f  h igh  
tem p eratu re is  assum ed (n = ND ) and no co m p en sa tion  (N^ = 0). 
Then w riting:
k 2  = 2m*E 
h 2
The In term  becom es:
In 24m*e e (KDT) 2  0  s  B
2 _ 2L nq h J
3.4.2 NEUTRAL IMPURITY SCATTERING
T his m echanism  g iv e s  r is e  to  a sm all e f f e c t  and o n ly  b eg in s  
to  becom e s ig n if ic a n t  a t low  tem p era tu res  w hen ca rr ier  fr e e z e  o u t  
o ccu rs. Two form ulism s e x is t .  The e a r lie r  e x p r e ss io n  E rg in soy  
(1950) g iv e s  an en ergy  in d ep en d en t s c a tte r in g  r a te  :
3
"NI = q m 3,
SON^ttc e N o s
Where N^ is  th e  n e u tr a l i m p u r i t y  d en s ity .
The w ork o f  S c la r  (1956) h as p rod u ced  a s l ig h t ly  more
com p lica ted  e x p r e ss io n  w hich  h a s a w eak tem p eratu re d ep en d en ce  b u t  
p rod u ces low  tem p eratu re m o b ilit ie s  o f  e s s e n t ia l ly  th e  sam e order. 
The e f f e c t  o f  th is  m echanism  is  v e r y  sm all ev en  a t  low
tem p era tu res. In our a n a ly s is  th e  E rg in soy  e x p r e s s io n  i s  u sed .
3.4.3 SPACE CHARGE SCATTERING
T his form o f  s c a tte r in g  w as f i r s t  su g g e s te d  by W eisberg  
(1962) as a way o f  ex p la in in g  an om alou sly  low  m o b ilit ie s  o b se r v e d  
in  cer ta in  sem icon d u ctors.
The assu m p tion  is  th a t  lo c a lly  in h om ogen eou s a rea s  o f
sem icon d u ctor  g iv e  r is e  to  la rg e  reg io n s  o f  su rro u n d in g
sp acech arge . W eisberg su g g e s t  th a t  th e  in h om ogen eou s d is tr ib u t io n  
o f  cou lom bic cen tre s  p ro d u ces  s c a t te r in g  cro ss  s e c t io n s  o v e r  an 
ord er o f  m agnitude g rea te r  th an  th a t  o f  a s in g le  im p u rity . The 
reg io n  su rrou n d ing , say , an im p u rity  c lu s te r  w ill  be d e p le te d  o f  
ca rr iers  and h en ce cre a te  an " in su la tin g  void" . The w ork  o f  
G ossick  (1959) assum es th a t th e  area  o f  in h o m o g en eity  i s  su c h  as  
to  ca u se  in v e r s io n  o f  c o n d u c t iv ity  ty p e  b u t is  h o w ev er  f le x ib le
enough  to  be ex ten d ed  to  more g en era l c a se s .
W eisberg (1962) g iv e s  th e  m o b ility  lim it  due to  sp a ce  charge  
s c a tte r in g  as :
" sc  = q(Ns (2m*KBT)1 / 2A) ' 1  3.4.6
Where th e  sp a ce  ch arge r e g io n s  are assum ed to  be to ta l ly  
im p en etrab le  to  th e  c a rr ier s , A i s  th e  e f f e c t iv e  s c a t te r in g  area  
o f  th e  reg io n s  o f  in h o m o g en eity  and Ng i s  th e  c o n c e n tr a tio n  o f  
sp a ce  ch arge reg io n s . G o ssick  (1959) h a s co n s id ered  tw o ty p e s  o f  
reg io n . For sp h e r ic a l r e g io n s  and fo r  c y lin d r ic a l v iew ed  
p erp en d icu la r  to  th e  a x is  w here r i s  th e  e f f e c t iv e  r a d iu s  o f  th e  
sp a ce  ch arge reg ion .
1/3For th e  c y lin d r ic a l c a se  r i s  fou n d  to  v a ry  as  (T/N) and
1 / 6fo r  th e  sp h e r ic a l as (T/N) 1 h en ce  c o n v e n ie n tly  fo r  b o th  c a se s  
th e  m o b ility  can be w r itte n  a s  :
fi = C.n ' s c ^ 3T 5 / 6 3.4.7
Where N is  th e  ca r r ie r  co n cen tra tio n  and C i s  a 
m u lt ip lic it iv e  co n sta n t.
3.4.3 CENTRAL CELL SCATTERING
T his i s  s c a tte r in g  due to  th e  core  p o te n t ia l  o f  an im purity .
Such p o te n t ia ls  are  screen ed  a t la r g e  d is ta n c e s  and w ill  on ly
e f f e c t  th e  m o b ility  o f  an e le c tr o n  p a ss in g  c lo s e  to  i t s  cen tre .
R ecent w ork by S tr in g fe llo w  and K unzel (1980) on th e  h igh
tem perature tra n sp o r t p r o p e r tie s  o f  GaAs and A lx Ga^_x As h a s show n
- 1/2th a t a p a r tia l m o b ility  w ith  a T d ep en d en ce  s im ila r  to  th a t  o f  
sp a ce  charge s c a tte r in g  i s  req u ired  to  e x p la in  low  h igh  
tem perature m o b ilit ie s . H ow ever c o n sta n t illu m in a tio n  h a s  no  
e f fe c t  on th e  m ob ility . F u rth er more in te n t io n a l com p en sation  
u sin g  Ge and Zn h a s no e f f e c t  on th e  a d d it io n a l p a r t ia l m ob ility . 
For th is  rea so n  th e y  su g g e s t  th a t  th e  a d d it io n a l m echanism  i s  due  
to  s c a tte r in g  from  th e  c en tra l c e l l  o f  th e  s u b s t itu t io n a l  im p u rity  
carbon w hich  re p la c e s  a rsen ic  in  th e  la t t ic e .  (N.B. carbon  h a s  a 
much la rg er  e le c tr o n e g a t iv ity  th an  a rsen ic .)
The p a r tia l m o b ility  h as th e  form:
"cc = -^ 3— ------- ------
16(2it3 Z^)NI h Z
In th e  ab ove Ej i s  th e  lo c a lis e d  s c a t te r in g  p o te n t ia l  and Nj 
i s  th e  d e n s ity  o f  lo c a lis e d  p o te n t ia l c e n tr e s .
C hattopadhyay (1980) h as d eterm ined  a r e la x a t io n  tim e fo r  
sc a tte r in g  by lo c a lis e d  p o te n t ia ls  and a p p lied  i t  to  an i t e r a t iv e  
so lu t io n  o f  th e  Boltzmann eq u a tio n . Good agreem en t w ith  
exp erim en ta l r e s u lt s  fo r  GaAs h as been  o b ta in ed  u s in g  a lo c a l is e d  
sc a tte r in g  p o te n t ia l o f  95mev.
15 (Kd T) 1 / 2  + ^ r  
(K„T) 1/2
m ' 1/2 3.4.8
3.5 SCATTERING BY POTENTIAL FLUCTUATIONS
In th e  ca se  o f  h e a v ily  doped sem ico n d u cto rs  (fo r  InP n > 
5(10)^  ) i t  h as b een  su g g e s te d  (Y anchev e t . al.(1979)) th a t  i t  i s  
no lo n g er  rea so n a b le  to  co n s id e r  s c a tte r in g  from  in d iv id u a l  
im p u rities .
Coulomb in te r a c t io n s  b etw een  fr e e  c a r r ie r s  and io n ized  
im p u r itie s  in  th e  m elt w il l  r e s u lt  in  c o r r e la t io n  o f  th e  
d is tr ib u t io n  w hich  w ill  be frozen  in  upon s o l id i f ic a t io n  a t a 
tem p eratu re Tq w here im p u rity  d if fu s io n  becom es in s ig n if ic a n t .
For h ig h ly  doped  m ateria l s e v e r a l im p u r it ie s  l i e  w ith in  a 
screen in g  le n g th  and s c a tte r in g  can be co n sid ered  a s  b e in g  due to  
a sm ooth  random ly f lu c tu a t in g  p o te n t ia l r a th e r  th an  due to  
in d iv id u a l im p u rities . For a random ly f lu c tu a t in g  p o te n t ia l  
ob ey in g  G aussian  s t a t i s t ic s  a r e la x a t io n  tim e h a s  b een  d er iv ed  
(Y u ssou f and Zittartz(1973)):
t ■*= ay^/hk^RE^ 3.5.1
E  ^ and are th e  Ferm i en ergy  and Ferm i w ave num ber 
r e s p e c t iv e ly , y i s  th e  rms. p o te n t ia l en ergy  and R i s  th e  
c o r r e la t io n  le n g th  (ie . th e  p o te n t ia l ch a n g es by y in  a d is ta n c e
The n u m erica l fa c to r  a i s  g iv e n  by Y anchev e t . a l. (1979) 
fo r  th e  c a se s  o f  a random d is tr ib u t io n  and a co rr e la ted  
d is tr ib u t io n  a
a l = -  8
dy
( 1  +  y  )
e r f c
a
E yS J
* 7 ,
3.5.2
a 2 = —  16 J
dy e r f c ( E s y / 4 y 2  -  Ep / r 2 )
l + y + d ^ / ^ )
dy erfc (E o.y /4 r  9 -  Ep/r 2)
16J°  y [ l + y + ( R s / R 0 ) Z]
3.5.3
The and are g iv e n  by:
7 x=2
r 3
d - .g ... .D ( q ) = N R e 4/47re2^
, -  x 2  1 I s  ' o s( 2 7T )
3.5.4
2  2 N l R e f 2
2 . 2  1 n _ 2
eo € ,  I ®S
y2= RR 3.5.6
The c o r r e la t io n  le n g th  i s  eq u a l to  th e  Thom as-Ferm i sc r e e n in g  
le n g th  Rg fo r  a random d is tr ib u t io n  and, fo r  th e  c o r r e la te d  
d is tr ib u t io n  i s  d ep en d en t on b oth  th e  Thom as-Ferm i sc r e e n in g  
le n g th  and th e  D ebye le n g th  o f  th e  io n iz ed  im p u r itie s  a t  
tem p eratu re T .
r  = ( r : 2+ r : z f k 3.5.7
The q u a n tity  Tq v a r ie s  w ith  th e  don or and a c c e p to r  
co n cen tra tio n  and v a r ie s  upw ards as th e  com p en sation  r a t io  K 
ch an ges from  0.(Y anchev and Evtim ova(1985)).
When perform ing th e s e  c a lc u la t io n s  a t su ch  h igh  im p u rity  
le v e ls  i t  i s  n ecessa ry  to  in c lu d e  c o r r e c tio n s  to  th e  ferm i le v e l
due to  th e  in te r a c t io n s  o f  e le c tr o n s  w ith  each  o th e r  and w ith  th e  
io n is e d  im p u r itie s . To th is  end th e  ferm i le v e l  i s  w ritten :
e f  = EF “ &EFT -  AEF e - AEFi  3 -5 -8
The co rr ec tio n  due to  f in i t e  tem perature:
AEf t  = (7ik BT)2 / 1 2 EF [ l  + (12/n3 k Fa ] 3.5.9
a is  th e  e f f e c t iv e  Bohr ra d iu s .
The co rr ec tio n  due to  ex ch a n g e  in te r a c t io n s  i s  w r itten :
AE„ = e 2 k „  3.5.10Fe  F
47TG e o
and th e  im p u rity  in te r a c t io n  e f f e c t  (band ta il in g )  is :
3.6 SCATTERING BY CHARGE CARRIERS
3.6.1 ELECTRON-ELECTRON SCATTERING
E le c tr o n -e le c tr o n  s c a tte r in g  r e s u lt s  in  ex ch a n g e  o f  
e n e r g ie s  b etw een  e le c tr o n s  and, b eca u se  momentum is  co n serv ed  i t  
i s  n o t o b v io u s  how th is  form o f  s c a tte r in g  w ould  r e s u lt  in  ch a n g es  
o f  m ob ility . H ow ever th e  r e su lt in g  e q u a lis a t io n  o f  e n e r g ie s  
b etw een  e le c tr o n s  m o d ifie s  th e  e le c tr o n  d is tr ib u t io n  and  
u lt im a te ly  th e  sc a tte r in g  m echanism s.
A num ber o f  a u th o rs  h ave  p u b lish ed  th e ir  th e o r e t ic a l  f in d in g s  
in c lu d in g  Appel(1961) and Luong and Shaw (1971). B ate e t . 
al.(1965) h a v e  produced  e x p r e ss io n s  fo r  c o r r e c t io n s  to  v a r io u s  
s c a tte r in g  m echanism s. The r ed u ctio n  o f  th e  m o b ility  is  g r e a te s t  
fo r  io n ise d  im purity  sc a tte r in g . C on seq u en tly  th e  e f f e c t s  are  
la r g e s t  in  in term e d ia te ly  doped m ateria l w here io n is e d  im p u rity  
s c a tte r in g  i s  s ig n if ic a n t  b u t w here th e  m a ter ia l i s  n o t  
d eg en era te ly  doped.
3.6.2 ELECTRON-HOLE SCATTERING
This typ e  o f  s c a tte r in g  is  im p ortan t in  narrow  gap  
sem icon d u ctors  or a t h igh  tem p era tu res w here th e r e  are s ig n if ic a n t  
q u a n tit ie s  o f  both  e le c tr o n s  and h o le s  p resen t.T a k in g  th e  h o le  as  
an im m obile p o in t charge i t  i s  p o s s ib le  to  u se  a m od ified  form  o f  
B-H th eo ry  to  d escr ib e  th e  b eh a v io u r . T h is is  r e a so n a b le  i f  th e  
h o le  m o b ility  is  sm all com pared to  th a t  o f  th e  e le c tr o n .
CHAPTER 4 
CONDUCTION AT LOW TEMPERATURES
4.1 INTRODUCTION
Im purity band co n d u ctio n  w as f i r s t  o b serv ed  by Hung and  
G leissm an (1950) in  s i l ic o n  and germ anium  and h a s  s in c e  b een  
s tu d ie d  in  a range o f  sem ico n d u cto rs  in c lu d in g  GaAs and InP 
(Em el'yanenko et.al(1974)). At tem p era tu res  su ch  th a t  th e  m ajority  
o f  ca rr ier s  h ave  trap p ed  o u t o f  th e  co n d u ctio n  band i t  w ould  be  
ex p e c te d  fo r  th e  r e s i s t iv i t y  to  grow  la r g e  e x p o n e n t ia lly  as  
tem p eratu re is  d ecrea sed  fu r th er . I t  is  in  fa c t  fou n d  
ex p er im en ta lly  th a t a t th e s e  low  tem p era tu res a new  co n d u ctio n  
m echanism  w ith  a much w eak er e x p o n e n tia l d ep en d en ce  becom es  
apparent.
4.2 HOPPING CONDUCTIVITY
A th orou gh  s tu d y  o f  th e  tem p eratu re  d ep en d en ce  o f  r e s i s t iv i t y  
a t low  tem p eratu re h a s b een  made fo r  germanium b y  (F r itz sc h e  and  
C uevas(1960)). A number o f  sam ples w ere in c lu d ed  sh o w in g  v a r ia t io n  
o v er  a la r g e  range o f  c a rr ier  co n c e n tr a tio n s  w ith  a c o n s ta n t  
com p en sation  ra tio .
The r e s is t iv i t y  w as fou n d  to  h ave  th e  form :
p 1 = p31e x p (-e 3/KT) 4.2.1
The a c t iv a t io n  en ergy  i s  u su a lly  o f  th e  o rd er  o f  a fa c to r  
o f  ten  le s s  than  th e  im p u rity  b in d in g  en ergy  r e s u lt in g  in  a 
sh a llo w er  s lo p e  in  th e  im p u rity  co n d u ctio n  regim e.
It h as been  show n (M iller and Abrahams(1960)) th a t  p3  h a s  th e
form:
P3  = pc exp(a/N d 1 3^ aB) 4.2.2
w here p i s  a c o n sta n t and a„ i s  th e  e f f e c t iv e  Bohr ra d iu s  Kc B
fo r  th e  m ater ia l in  q u e stio n , a  i s  a c o n sta n t ( = 1.75) w h ich  h a s  
been  ca lc u la te d  by S h k lo v sk ii and E fros (1984).
The cu rre n tly  a ccep ted  m echanism  is  o f  p honon  a s s is t e d  
tu n n e llin g  b etw een  im p u rity  c e n tr e s  (M ott (1956))(C onw ell (1956)). 
This is  i l lu s tr a te d  in  f i g u r e  ( 4 . 1 ) .  The p resen ce  o f  a c c e p to r s  is  
n ecessa ry  fo r  th is  ty p e  o f  co n d u ctio n  to  occu r. A t low  
tem p eratu res th ere  w ill  be v e r y  few  e le c tr o n s  in  th e  c o n d u ctio n  
band. In a com pensated  sem ico n d u cto r  th e r e  w ill  b e  b o th  ch arged  
(empty) donors and n e u tr a l ( fu ll)  donors. C ond u ction  can  th en  
occu r by tu n n e llin g  o f  e le c tr o n s  from  f u l l  donors to  em pty d on ors. 
The a ccep to rs  w ill  a l l  h a v e  " a ccep ted  " e le c tr o n s  and th e r e fo r e  
w ill be p o s it iv e ly  charged . The random f ie ld  o f  th e  ch arged  
a ccep to rs  w ill  th en  p rod u ce f ie ld s  g iv in g  r is e  to  a sm all en erg y  
sp read  o f  th e  donor le v e ls .  The tu n n e llin g  p r o c e ss  can o n ly  th en  
occu r under th e  a s s is ta n c e  o f  a phonon. T his i s  th e  o r ig in  o f  th e  
a c tiv a tio n  en ergy  e 3«
* —
— »■
f i g u r e  4 .1  The p r e s e n c e  o f  a c c e p t o r s  r e s u l t s  i n  "empty" donor  
a l lo w in g  t u n n e l l i n g  b e t w e e n  im p u r ity  l e v e l s .
The r e s u lt s  o f  F r itz sh e  and C uevas h a v e  sh ow n  th a t  i-s  
in d ep en d en t o f  im p u rity  co n cen tra tio n  a t lo w er  im p u rity  le v e ls .  At 
h igh  im p u rity  le v e ls  th e  a c t iv a t io n  en ergy  g ra d u a lly  d is sa p p e a r s  
w ith  th e  co n d u ctio n  u lt im a te ly  becom ing m eta llic  a s  —> 0 .
To d is c u s s  th is  e f f e c t  i t  i s  h e lp fu l to  d iv id e  doped  
sem icon d u ctors in to  th r e e  c a te g o r ie s . I f  a„ i s  th e  Bohr ra d iu s  o fD
th e  im purity  atom and is  th e  im p u rity  c o n c e n tr a tio n  th e n  th e  
th r e e  regim es are:
l ig h t ly  doped  NTa* « 1l b
m od erately  doped  ^ laB ~ *
h ea v y  doped Nl aB ” ^
At v ery  low  c o n c e n tr a tio n s  th e  w a v e fu n c tio n s  o f  e le c tr o n s  on  
im p u r itie s  do n o t o v er la p  and as th e  tem p eratu re g o e s  to  zero  th e  
r e s is t iv i t y  g o es  to  in f in ity . At h igh  c o n c e n tr a tio n s  th e r e  w ill  be  
co n s id era b le  o v er la p  and a band w ill be form ed, w h ich  a t a h ig h  
im purity  co n cen tra tio n  w ill  ex ten d  in to  th e  co n d u ctio n  band. For  
th is  ca se  th ere  w ill  be f in i t e  c o n d u c t iv ity  as th e  tem p era tu re
te n d s  to  zero. M eta llic  co n d u ctio n  th en  occu rs in  th e  im p u rity  
band.
4.3 THE MOTT TRANSITION
Mott(1949), (1961) f i r s t  su g g e s te d  th a t  th e  ch an ge from
in s u la to r  to  m etal i s  n o t a gra d u a l p r o c e ss  and in  fa c t  o ccu rs  as  
a sharp  tr a n s it io n .
The p ro cess  can be th o u g h t o f  in  a sem ico n d u cto r  in  th e  
fo llo w in g  way. At low  tem p eratu re  in  a l ig h t ly  doped  sem ico n d u cto r  
e le c tr o n s  are s tr o n g ly  bound to  don or im p u r itie s  by  th e  coulom b  
in te r a c tio n . At th e s e  low  ca r r ie r  c o n c e n tr a tio n s  th e  m a ter ia l i s  
on th e  in su la to r  s id e  o f  th e  M ott tr a n s it io n  w ith  th e  c a r r ie r s  
b ein g  s tr o n g ly  lo c a lis e d . A ccord in g  to  M ott in c r e a s in g  th e  
im p u rity  c o n cen tra tio n  w ill  n o t g iv e  r is e  to  e le c tr o n s  in  e x ten d ed  
s ta te s  u n t il  th e  donor d e n s ity  rea c h e s  a l e v e l  w h ere  th e  
corresp o n d in g  e le c tr o n s  can p rod u ce s u f f ic ie n t  sc r e e n in g  o f  th e  
coulom b p o te n t ia l to  a llow  th e  e le c tr o n s  to  rem ain unbound.
An approxim ate e x p r e ss io n  fo r  th e  c r i t ic a l  num ber o f  
e le c tr o n s  n cr req u ired  fo r  th is  tr a n s it io n  to  ta k e  p la ce  can  be  
d er iv ed  in  th e  fo llo w in g  way (se e  fo r  exam ple Zimman(1972).
Any fr e e  e le c tr o n s  w ill ten d  to  scree n  th e  io n ic  ch a rg e  so  
th a t  th e  p o te n t ia l a t d is ta n c e  r  from  th e  io n  core  i s  red u ced  by a 
m u lt ip lic a t iv e  fa c to r  e . Where A i s  th e  D ebye sc r e e n in g  len g th :
puye. ho
I f th e  scree n in g  ra d iu s  i s  d e fin ed  a s  rg = 1/A and th e  lo w e st  
bound s ta te  o f  th e  hydrogen  atom  is  a^:
a„ = h 2 4.3.2
B 2 mq
Then th e  e le c tr o n  can n ot be bound fo r  th e  c a se  r < a„ w hichs  B
p rod u ces  th e  fo llo w in g  c o n d itio n .
n =(.25/a0 )  ^ 4.3.3cr v ' B'
CHAPTER 5 
EXPERIMENTAL TECHNIQUES
5.1 INTRODUCTION
This ch a p ter  d e sc r ib e s  th e  p rep a ra tio n  and m easurem ent 
tech n iq u es  fo r  H all e f f e c t  sam ples.
5.2 SAMPLE PREPARATION
Sam ples fo r  H all e f f e c t  ex p er im en ts  w ere p rep ared  in  a num ber 
o f  d if fe r e n t  w ays. C lover le a f  sam ples w ere e i th e r  e tc h e d  or  
u ltr a so n ic a lly  cu t. M etal c o n ta c ts  w ere p rod u ced  by e v a p o r a tio n  or  
by a llo y in g  t in  or indium  d o ts  in to  th e  m ateria l. The p re fer ed  
m ethod is  e tch in g  fo llo w e d  by ev a p o ra tio n . H ow ever som e sam ples  
h a v e  been  prepared  by u ltr a s o n ic a l ly  c u tt in g  c lo v e r  le a v e s .  T his  
h a s th e  ad van tage o f  b e in g  s im p le  and qu ick . H ow ever i t  i s  n o t  
su ch  an econ om ica l te ch n iq u e  r e s u lt in g  in  th e  lo s s  o f  
co m p a ritiv e ly  la rg e  am ounts o f  m ateria l.
5.2.1 ETCHING METHOD
T his m ethod w as u sed  fo r  th e  p rep a ra tio n  o f  th e  m ajority  o f  
sam ples d isc u sse d  in c lu d in g  th e  h igh  p u r ity  o n es . It i s  u se d  a t  
Surrey as a stand ard  tech n iq u e . The fo llo w in g  i s  a d e sc r ip t io n  o f  
th is  m ethod o f  p rep aration .
Sam ples are in it ia l ly  c lea n ed  in  a v a r ie ty  o f  s o lv e n ts
s ta r t in g  w ith  a 10 m inute b o il  in  m ethanol and fo llo w e d  by a 
s im ila r  trea tm en t in  tr ic h lo r e th y le n e . F in a lly  th e  sam ple is  
c lea n ed  in  d is t i l le d  iso p r o p a l a lc o h o l by p la c in g  i t  in  a r e f lu x  
u n it  so  th a t  i t  com es in to  c o n ta c t  w ith  th e  va p o u r  and w ith  drops  
o f  d is t i l le d  liq u id .
Three la y e r s  o f  S h ip ley  AZ 1350H p h o to r e s is t  are  spun  on a t  
8000 rpm fo r  1 m inute each  and th e  sam ple i s  p re -b a k ed  fo r  a 
p eriod  o f  20 m in u tes a t 80°C. The c lo v e r  le a f  p a tte r n  i s  p r in ted  
o n to  th e  specim en  by u se  o f  a p h o to g ra p h ic  m ask and a R adio Spares  
UV ex p o su re  u n it  No. 555-279 350mm. The ex p o su re  tim e req u ired  has  
b een  determ ined  by t r ia l  and error  to  be 15 m ins.
The sam ple i s  n e x t  d ev e lo p ed  in  a m ix tu re  o f  NaOH and  
d e - io n is e d  w ater  u n t i l  th e  r e s i s t  h as b een  t o t a l ly  rem oved  from  
th e  ex p o sed  areas. T races o f  NaOH are rem oved by an a d d it io n a l  
w ash  in  d e - io n is e d  w ater  and th e  sam ple i s  p o s t  b ak ed  a t  120°C fo r  
30 m inutes to  harden  th e  r e s is t .
The c lo v e r  le a f  p a ttern  i s  e tch ed  in to  th e  sam ple by  u s in g  a 
3:1:1 m ixture o f  40% su lp h u r ic  ac id  ; 30% h yd rogen  p e r o x id e  and  
d e - io n is e d  w ater. The e tch  r a te  h a s b een  e s tim a ted  to  be  
1.5jim/min. a t 50°C fo r  InP and norm ally  en ou gh  tim e is  a llo w ed  fo r  
a to ta l  th ic k n e s s  o f  ab ou t tw ic e  th e  e p ila y e r  to  be rem oved. 
Rem aining tr a c e s  o f  th e  e tch  are w ash ed  o f f  u s in g  d e - io n is e d  
w ater.
F in a lly  th e  p h o to r e s is t  i s  rem oved by so a k in g  th e  sam ple in  
a ceto n e  or m ethanol.
5.2.2 METALLIC CONTACTS
The specim en  is  aga in  c lea n ed  u s in g  th e  th r e e  s ta g e  p r o c e ss  
d escr ib ed  ab ove and a s in g le  la y e r  o f  p h o to r e s is t  i s  spun  on aga in  
a t 8000 rpm fo r  one m inute. The sam ple is  th en  p re -b a k ed  in  th e  
sam e way as above. A n e g a tiv e  m ask o f  th e  c o n ta c ts  i s  u sed  du rin g  
th e  U.V. ex p o su re  and a f te r  d evelop m en t o f  th e  r e s i s t  a sh o r te r , 
lo w er  tem p eratu re p o s t  bake is  u sed  (90 °C fo r  2m inutes). T his  
k eep s  th e  r e s is t  s o f t e r  to  e a se  th e  l i f t - o f f  p r o c e ss  a f te r  th e  
in e v ita b le  h ea tin g  during  ev a p o ra tio n .
The su r fa c e  i s  l ig h t ly  e tch ed  in  a 20:4:1 s o lu t io n  o f
d e - io n is e d  w ater; hydrogen  p ero x id e  and ammonia fo r  20 se c o n d s  to  
p ro v id e  a fr e sh  c lea n  su r fa c e  fo r  m etal to  ad h ere to .
For n -ty p e  InP g o ld  t in /n ic k e l i s  ev a p o ra ted  o n to  th e
specim en . A s h u tte r  is  p ro v id ed  so  th a t  th e  sam ple i s  p r o te c te d
from  th e  in it ia l  eva p o ra n t w hich  may be con tam in ated .
A fter  co n ta c t ev a p o ra tio n  th e  r e s is t  i s  rem oved  u s in g  a c e to n e  
or a p ro p r ie try  r e s is t  s tr ip p e r . The unw anted  m eta l i s  " lifted
off" w ith  th e  r e s is t .
A fter  a f in a l c lea n in g  th e  c o n ta c ts  are  a llo y e d  in
h y d ro g en /n itro g en  flo w  fo r  10 m in u tes a t 350°C.
A r e s in  bonded  diam ond c u tt in g  w h ee l i s  u se d  to  se p a r a te
in d iv id u a l c lo v e r  le a v e s .
5.3 HALL EFFECT APPARATUS AND MEASUREMENT TECHNIQUE
5.3.1 MEASUREMENT TECHNIQUE
Sam ples p roduced  by th e  m ethod d e sc ib e d  ab ove (5.2.) are o f  
th e  van  d er Pauw c lo v e r  le a f  v a r ie ty . The ch o ic e  o f  th is  ty p e  o f
sam ple i s  b ased  on w ork by van  d er Pauw (1958 a and b). In th e s e
p ap ers a m ethod o f  m easuring b o th  th e  H all e f f e c t  and r e s i s t iv i t y  
on f la t  sam ples i s  d escr ib ed . Such a tech n iq u e  overcom es prob lem s  
su ch  as th e  requ irm ent th a t  th e  cu rren t flo w  in  bar sam p les be  
p a r a lle l p ro v id ed  th e  fo llo w in g  c o n d it io n s  are fu lf i l le d :
(a) th e  c o n ta c ts  are on th e  c ircu m feren ce  o f  th e  sam ple
(b) th e  c o n ta c ts  are sm all
I f  th e  fo u r  c o n ta c ts  to  th e  c lo v e r  le a f  are la b e lle d  a ,b ,c  
and d and Ra^cc| i s  d e fin ed  as th e  r a t io  o f  th e  p o te n t ia l  
d iffe r e n c e  -  Vc to  th e  cu rren t p a sse d  from  a to  b th en  
accord in g  to  van  der Pauw th e  fo llo w in g  e x p r e s s io n  i s  tr u e  fo r  
th e  sam ple r e s is t iv i ty :
— © ) —
© B
f i g u r e  6 . 1  The d i f f e r e n t  c o n f i g u r a t i o n s  f o r  H a ll  
e f f e c t  m easu rm en t on Van d e r  Pauw s a m p le s
P ^  ^ a b ,c d  + ^ b c ,d e  ^ ^ a b ,cd 5.3.1
2 ln (2 ) Rb e .d a
Where f  i s  a fu n c tio n  o f  th e  r a tio  R , ,/R, , o n ly  and isab ,cd  be,da
g iv e n  by:
f  = 1 - Ra b ,c d  ^ b c ,d a ln (2 } ^ a b ,c d  ^ b c ,d a G
- ^ a b ,c d  ^ b c ,d a  - 2 -■^abjCd + ^ b c ,d a  -
5.3.2
The c o n sta n t (F =
2 3
[~ln(2) _ ln (2 )  1
i 4 12 J
For p e r fe c t ly  sym etr ic  sam ples R ^  ccj/R|3C ^a = 1 and !• 
As th e  sam ple becom es more a ssy m etr ic  f  b eg in s  to  d e v ia te  more 
g r e a tly  from  1.
The H all m o b ility  is  show n to  be g iv e n  by.
d ARb d ,a c 5.3.4
B P
Where AR , . i s  th e  ch an ge in  th e  r e s is ta n c e  R , , due toab,cd ab,cd
th e  a p p lica tio n  o f  m agnetic f ie ld  B.
The H all e f f e c t  m easuring equ ipm ent is  f u l ly  au tom ated  
c o n tr o lle d  by a BBC m icrocom puter v ia  an I.E.E.E. in stru m en ta tio n  
bus. The h ea rt o f  th e  system  i s  a d.c. cu rren t so u rce  b u ilt  a t  
S urrey w hich  can so u rce  cu rren t from  lpA  up to  10 mA. Sam ple 
v o lta g e s  are m easured u s in g  a K e ith ley  196 d ig ita l  m u ltim eter, 
w hich  can m easure down to  pV. The com plex sw itc h in g  req u ired  to  
en a b le  a ll  d if fe r e n t  m easurem ent co m b in ation s i s  perform ed  by a 3D
r e la y  box. Two d if fe r e n t  m agnets h a v e  b een  u sed ; a  N ew port 
In stru m en ts m agnet ca p a b le  o f  p rod u cin g  f ie ld s  up to  10000 G auss  
and a so le n o id  m agnet w hich  can produce up to  1000 G auss. ( The 
s o le n o id  a lth o u g h  p rod u cin g  sm a ller  f ie ld s  h a s th e  ad v a n ta g e , by  
v ir tu e  o f  th e  a x ia l f ie ld ,  o f  p erm ittin g  ea sy  o p t ic a l  a c c e s s  to  
sam ples). The m agnets are  d r iv en  by a H erts s e r ie s  4000 pow er  
su p p ly  w hich  can so u r c e  up to  10 Amps.
5.4 CRYOSTAT SYSTEM
The exp er im en ts  w h ich  go down to  4K h a v e  b een  p erform ed  u s in g  
an O xford In stru m en ts CF1200 c o n tin u o u s  f lo w  c r y o s ta t  o p era ted  
w ith  a GFS300 gas c o o le d  tr a n s fe r  tu b e. T h is eq u ip m en t i s  sh ow n  in  
f i g u r e ( 5 . 2 ) .
Helium  e n te r s  th e  tr a n s fe r  tu b e  th ro u g h  th e  sm all n e e d le  
v a lv e  in  th e  b a se  o f  th e  le g . The flo w  o f  helium  i s  c o n tr o lle d  by  
a co n tr o l n u t n ear  th e  to p  o f  th is  le g . A f le x ib le  s e c t io n  is  
p ro v id ed  to  s im p lify  co n n ec tio n  b etw een  c r y o s ta t  and s to r a g e  
v e s s e l .  In th is  s e c t io n  retu rn  g a s  flo w s  c o n c e n tr ic a lly  around  th e  
in le t  tu b e  th u s  e f f e c t iv e ly  ra d ia tio n  s h ie ld in g  th e  in le t  f lo w . 
The gas re tu rn  i s  pum ped by a Compton d iaphragm  pump.
In sid e  th e  c r y o s ta t  th e  co o la n t i s  fe d  down a c a p illa r y  in to  
th e  cop p er h ea t ex ch a n g er  a t th e  bottom  o f  th e  c r y o s ta t . T h is h e a t  
exch a n g er  i s  f i t t e d  w ith  a A uF e/chrom el th erm o co u p le  and a 68Q 
h ea ter . C oolant th en  flo w s  o v er  th e  sam ple and i s  e x h a u ste d  
th rou gh  a h o le  ab ou t 10cm from  th e  top  o f  th e  sam ple tu b e . It th en  
p a s se s  o v er  a seco n d  h ea t ex ch an ger  w hich  s e r v e s  to  c o o l th e  
ra d ia tio n  sh ie ld . It i s  f in a lly  retu rn ed  v ia  th e  g a s  tr a n s fe r
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f i g u r e  5 . 2  The co n tin u o u s  f lo w  c r y o s ta t  sy stem
tu b e .
The h ea ter  is  c o n tr o lle d  v ia  th e  I.E.E.E bus u s in g  an O xford  
in stru m en ts  3120 c o n tr o lle r .
U sing th is  system  we are ab le  to  r o u tin e ly  perform  
m easurem ents down to  3.8K.
5.5 HIGH PRESSURE TECHNIQUES
5.5.1 PRESSURE MEDIA
In our p ressu r e  ex p er im en ts  th e  sam ple to  be s tu d ie d  is  
p la ced  in  a medium w hich  i s  com pressed . The ch o ic e  o f  th e  medium  
i s  c r i t ic a l  to  th e  su c c e s s  o f  th e  g iv en  exp erim en t. F a cto rs  su ch  
as co m p ress ib ility , free z in g  p o in ts , o p t ic a l tr a n sm iss iv ity ,  
e le c tr ic a l  p ro p er tie s , c o r r o s iv n e ss  and e a se  o f  p r e s su r e  se a lin g  
h a v e  to  be tak en  in to  accou n t.
The ta b le  below  l i s t s  a ran ge o f  p r e ssu r e  m edia u sed  in  th e  
co u rse  o f  th is  work in c lu d in g  approxim ate free z in g  p r e ssu r e s  
(Kbar) and freez in g  tem p era tu res  (K) (w here know n) and th e ir  
a d v a n ta g es /d isa d v a n ta g es .
1 iq u id f r e e z in g  p r e s s u r e f r e e z in g  tem p a d v a n . / d i s a d v a a
c a s t o r
o i l 15 200
e a s y  t o  s e a l
p e n t a n e ^
i s o -  p e n ta n e 20 100
h i g h l y  c o m p r e s s ,  
h a rd  t o  s e a l
m e th a n o l
/e th a n o l >100 I
40
ca n  d a m a g e  e l e c t .
i n s u l a t i o n
h a r d  t o  s e a l
E xperim ents u s in g  th e Hall e f f e c t  in  th e  8Kbar p is to n  and  
cy lin d er  ap p aratu s have em ployed c a s to r  o i l  o n ly  b eca u se  th is  
s e a ls  w ell and a c ts  h y d r o s ta t ic a lly  up to  8Kb.
Experim ents u s in g  th e h igh  p r e ssu r e /lo w  tem p era tu re  c e l l  u se  
a more com p licated  system  o f  p en tan e in  th e  in t e n s if ie r  and h igh  
p ressu re  c a p illa r y  w ith  v e g e ta b le  o i l  (w h ich  h as s im ila r  
p ro p ertie s  to  c a s to r  o il  bu t is  s l ig h t ly  l e s s  v is c o u s )  co v e r in g  
th e  sam ple sp a ce  in  th e  c e ll.  It was fo u n d  th a t  th e  tw o liq u id  
system  was n e c e s sa r y  to a ch ie v e  low  tem p era tu re /h ig h  p r e ssu r e  
m easurem ents w ith o u t lo s s  o f  p r e ssu r e  a t  th e  fr e e z in g  p o in t  o f  
pentane. The v e g e ta b le  o il  fr e e z e s  f i r s t  around  th e  sam ple a t  a 
co n sta n t p ressu re  m aintained  by th e  s t i l l - l iq u id  p en ta n e . P en tan e  
fr e e z e s  a t a low er tem perature g iv in g  r is e  a ch a n g e in  vo lu m e o f  
th e  p en tan e a t th e  co ld  end o f  th e  c a p illa r y . T h is h a s  a 
n e g lig ib le  e f f e c t  on th e  sam ple p r e s su r e  b e c a u se  i t  i s  a lrea d y  
"frozen-in" by th e  o i l  and b eca u se  th e r e  i s  a r e la t iv e ly  sm all 
volum e o f  p en ta n e  at th e  co ld  end  o f  th e  c a p illa r y .  
P h o to co n d u ctiv ity  exp erim en ts confirm  th a t  p r e s su r e  ch a n g es  
r e su lt in g  from free z in g  are n e g lig ib le .
5.5.2 PISTON AND CYLINDER SYSTEM
Figure ( 5 . 3 )  sh ow s a diagram  o f  th e  p is to n  and c y lin d e r  
ap p aratu s u sed  to  o b ta in  h y d r o s ta t ic  p r e s s u r e s  up to  8Kb. The 
dim en sion s o f  th e  cy lin d er  are a p p ro x im a te ly  I.D. 1.15", O.D. 5" 
and h e ig h t 5.25".
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f i g u r e  5 . 3  8 Kbar p is to n  and c y lin d e r  se tu p
The c y lin d e r  is  h eld  in a s t e e l  r in g  w h ich , a lth o u g h  n ot  
bearing  lo a d , p ro v id es  su p p o rt and p r o te c t io n  from  h igh  p ressu r e  
liq u id  in  c a se  o f  cy lin d e r  fa ilu r e .
The p is to n s  are made from  hardened  to o l  s t e e l .  The th r u st  
p is to n  and bottom  p is to n  b ein g  id e n t ic le  in  a l l  w ays e x c e p t le n g th  
-  th e  d iam eter  being 29.2mm. The bottom  p is to n  i s  s ta t io n a r y  and  
d o es n ot req u ir e  th e  tr a v e l needed  fo r  th e  to p  p is to n . It is  
th e r e fo r e  o fte n  sh o r ter . E le c tr ic a l lead  th ro u g h s  are  p ro v id ed  v ia  
hardened  s t e e l  p lu g s ground in to  ceram ic s le e v e s .  W ires are  
co n n ected  and p a ssed  th rou gh  a c e n tr a l h o le  in  th e  p is to n . 
D epending on th e  typ e o f  m easurem ents ta k in g  p la c e  e ith e r  0.6 mm 
in su la te d  cop p er  w ire or RG 178/BU coax  i s  u sed . On la te r  p is to n s  
w here p en ta n e  i s  to  be u sed  a s  th e  p r e ssu r e  tr a n sm ittin g  f lu id  i t  
h as been fou n d  th a t ceram ic is  in a d eq u a te  as a s e a l  and in  th is  
c a se  a new ty p e  o f  s e a l  h as b een  d ev e lo p ed  in v o lv in g  "Vesper* and  
a  s l ig h t ly  la r g e r  s i lv e r  s t e e l  p lug .
S ea lin g  b etw een  p is to n  and cy lin d e r  is  a c h ie v e d  by m eans o f  
tw o se a lin g  r in g s  (f i g u r e  5 .5 ). A n eop ren e "0"-ring  p r o v id e s  low  
p ressu r e  s e a lin g  (up to  s  2 Kbars) and a t h ig h e r  p r e s s u r e s  a n y lon  
or p h osp h er  bronze r ing  p ro v id es  a se a l.
D iagram s o f  a ty p ic a l p is to n  and o f  a seco n d  ty p e  o f  p is to n  
u sed  when th e  system  is  to  be u sed  as an in t e n s if ie r  are show n  in  
f i g u r e  5 .5 ..  In th e  in te n s if ie r  p is to n  H arwood High p r e ssu r e  
ca p illa ry  is  p a ssed  through  a c en tra l h o le  and s e a le d  by m eans o f  
"Vesper*. The p is to n  h as no e le c tr ic a l  le a d -th r o u g h  and th e  top  is  
f la t .  The le a d -th r o u g h s  on th e  bottom  p is to n  are u sed  to  
accom m odate a manganin p ressu r e  gau ge and a ch rom el-a lu m el 
therm ocoup le. The m anganin gau ge c o n s is t s  o f  a num ber o f  tu rn s  o f
mf i g u r e  5. 4 S ta tio n a ry  p is to n  sh ow in g  m anganin gau ge  m ounting
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f i g u r e  5 . 5  Two d if fe r e n t  th r u st  p is to n s , (a) is  u sed  as a sam ple  
m ount fo r  m easurem ents in s id e  th e  c e l l .  The p is to n  in  (b) is  
f i t t e d  w ith  h igh  p ressu r e  c a p illa ry  so  th a t  th e  sy stem  can be u sed  
as an in te n s if ie r .
36swg manganin w ire g iv in g  a to ta l r e s is ta n c e  o f  ab ou t 100 Q. The 
p ressu r e  is  d ir e c t ly  re la ted  to  th e  r e s is ta n c e  accord in g  to:
P - V = —  ln-f —  ^1-1 5.5.1
1 2 e 1r ( p 2)J
RCP )^ and R ^ )  are r e s is ta n c e  a t p r e s su r e s  P^and
r e sp e c t iv e ly , c is  g iven  by Peggs(1983) as 2.3(10) ^Kbar \  The 
above ex p ress io n  is  s im p lif ied  by tak in g  Pq = a tm osp h er ic  p r e ssu r e  
= 1 and tak in g  th is  as eq u a l to  zero on a k ilo b a r  sc a le .
P reparation  o f th e  m anganin gauge is  n o t sim p le  req u ir in g  
c a r e fu l w inding o f  th e  c o i l  in  a s tr a in  fr e e  way fo llo w e d  by  
ca re fu l tem perature cy c lin g  in  c a sto r  o i l  to  120 °C and p r e ssu r e  
cyc lin g .
The manganin gauge is  m ounted on th e  lo w er  p is to n  as sh ow n  in  
f i g u r e  5.  4.
If used  as a s tr a ig h t  forw ard p is to n  and c y lin d e r  a p p a ra tu s  
w ith  th e  sam ple m ounted on th e  cy lin d er  i t  i s  p o s s ib le  to  u se  a 
h ea ter  c o il w hich can be m ounted on th e  bottom  p is to n  to  p rod u ce  a
O
sm all tem perature v a r ia tio n  in  th e  range room tem p era tu re  to  40 C.
A fter p ressu r e  ch an ges i t  is  n ecessa ry  to  m on itor th e  sy stem  
u n til th e tem perature has eq u a lised . It norm ally  ta k e s  around  15 
m inutes fo r  th e tem perature in s id e  th e  c e l l  to  retu rn  to  room  
tem perature a fte r  an in cr ea se  o f about 1 Kbar co rresp o n d in g  to  a 
tem perature r ise  o f  about 2°C. Due to  i t s  la r g e  therm al m ass th e  
system  does not f lu c tu a te  by more than ab ou t 2K during a tw e lv e  
hour period  and th u s tem perature f lu c tu a t io n s  do n o t p r e se n t  a
problem .
A m agnet is  m ounted on th e  top  p is to n  fo r  H all e f f e c t
m easurm ents. The to r o id a l e lec tro m a g n et c o n s is t s  o f  a mum etal
2
form er h av in g  a p o le  gap o f  1.0mm and a p o le  su r fa c e  area  o f  .5mm 
around w hich  is  w rapped ab ou t 250 tu rn s o f  .18mm d iam eter  enam led  
cop p er w ire. It has b een  fou n d  th a t  a 60mA c o n s ta n t  cu rren t so u rce  
can p roduce a m agn etic  f ie ld  o f  ab ou t 500 G auss. At th is  le v e l  o f  
cu rren t h ea tin g  e f f e c t s  in  th e  c o il are n e g lig ib le  and th e  
m agnetic  cu rren t is  tu rn ed  o f f  w h ils t  p r e ssu r e  ch a n g es  are made 
and during th e  s ta b i l is a t io n  p eriod .
H all sam ples are m ounted in  a £ -sh ap ed  fram e ,b etw een  s h e e ts  
o f  p la s t ic  fo r  in s u la t io n . The fram e is  th en  in s e r te d  b etw een  th e  
p o le s  o f  th e  m agnet and th en  h e ld  in  p la ce  w ith  p .t .f .e  ta p e .
5.5.3 THE HIGH PRESSURE LOW TEMPERATURE CELL
T his c e l l  was a ls o  d ev e lo p ed  a t Surrey  and i s  d e sc r ib e d  more 
fu lly  in  a paper by Lambkin e t . al.(1988).
The c e l l  is  show n d ia g ra m a tica lly  in  f i g u r e  5 . 8  . The
c y lin d e r  is  d ou b le  w a lled  made from grade 250 Cu:Be h ea t tr e a te d  
to  a f in a l h ard n ess  o f  34 R ockw ell C. The o u te r  d im eter  i s  19mm 
a llo w in g  a c c e ss  to  our c ry o sta t . The in n er  bore i s  5mm d iam eter  
a llo w in g  ample sp ace  fo r  Hall c lo v e r  le a f  sam ples.
The bottom  p is to n  is  b lank. The top  p is to n  h a s  a sta n d a rd  
Harwood se a l to e ig th  in ch  Harwood s ta in le s s  s t e e l  tu b in g  th ro u g h  
w hich  h igh  p r e ssu r e  liq u id  is  fed  from an in t e n s if ie r  system .
E le c tr ic a l c o n ta c ts  to  th e  sam ple are p ro v id ed  v ia  .07mm 
d iam eter enam led cop p er w ire w hich  is  p a sse d  dow n th e  c a p illa r y .
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f i g u r e  5.6  The u se  o f  th e  Harwood th ree  way co u p ler  to  p ro v id e  
a c c e ss  fo r  b o th  e le c tr ic  w ires and h igh  p ressu r e  f lu id .
f ig u r e  5 .7  Two sam ple m ounts fo r  h ig h  p r e ssu r e  low  ^ p e r a t u r e  
c e ll ,  (a) f la t  m ount fo r  u se  w ith  N ew port m agnet and (b) a  cag  
m ount fo r  u se  w ith  so le n o id  m agnet.
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f i g u r e  5 . 8  The h igh  p ressu r e  low  tem p era tu re  c e ll.
An o p tic a l f ib r e  (140/100) p ro v id es  o p tic a l a c c e ss . The p ressu r e  
a c c e ss  for  f ib r e  and w ires is  ob ta in ed  by means o f  an ep o x y /n y lo n  
s e a l  in  a s tu b  o f  c a p illa r y  con n ected  in  a Harwood th ree  way  
cou p ler . T his s e t  up is  in  f i g ur e  5.6  .The w ires  and f ib r e  are  
f ix e d  in to  th e  sh o rt le n g th  o f  ca p illa ry  u s in g  a m ixtu re o f  MgO 
pow der and A ra ld ite  grade MY 750 epoxy w hich is  su ck ed  in to  th e  
tu b e  and free d  from a ir  b u b b les  in a vacuum  sy stem . The h igh  
p ressu r e  end o f  th is  s tu b  h as a nylon se a l w hich  c o n s is t s  o f  a 
d isc  o f  n y lon  (d iam eter 1mm and len g th  2mm) h a v in g  a 250 jim h o le  
in  th e  cen tre . It is  th read ed  o v e r  th e w ires  and s i t s  in  a co u n ter  
su n k  h o le  in  th e  stu b . If a f ib r e  is  to  be u sed  as w e ll as th e  s ix  
w ires th e  h o le  d iam eter is  in crea sed  to  300fim.
The th ird  arm o f  th e  co u p ler  h o ld s  h igh  p r e ssu r e  c a p illa r y  
from  th e  in te n s if ie r . Two in te n s if ie r  sy stem s are a v a ila b le , a 
sm all p o rta b le  system  w hich  i s  d escr ib ed  in  th e  p ap er  by Lam bkin  
et.al.(1988) and th e  p is to n  and cy lin d er  d escr ib ed  in  s e c t io n  
5.4..
The m ini system  has been  ca lib ra ted  a g a in s t  load  u s in g  a 
m anganin gauge in  th e  in te n s if ie r .  The p is to n  and c y lin d e r  h a s  a 
m anganin gauge perm anently  f i t t e d  in  th e  in t e n s if ie r  system . T his  
en a b les  con tin u o u s m on itoring  o f  th e  p r e ssu r e  d u rin g  ex p er im en ts. 
It has been show n from p h o to c o n d u c tiv ity  m easurem ents on 
sem icon d u ctor sam ples th a t, u s in g  th is  system  w ith  th e  tw o liq u id  
tech n iq u e  d iscu sse d  in  s e c t io n  5.4., th e  p r e ssu r e  in  th e  sm all 
c e l l  is  eq u al to  th a t in  th e  in te n s if ie r  system  th r o u g h o u t th e  
tem perature range 300 -  4K.
CHAPTER 6
TEMPERATURE AND PRESSURE STUDIES OF ELECTRON MOBILITY IN PURE
INP
6.1 INTRODUCTION
In ch a p ter  7 th e  e f f e c t  o f  d op ing  on th e  tr a n sp o r t  p r o p e r t ie s  
o f  InP i s  d isc u sse d . B efo re  c o n s id e r in g  th e s e  e f f e c t s ,  d u e to  
io n ise d  im p u rity  s c a t te r in g  and im p u rity  band c o n d u c tio n , r e s u lt s  
o f  m easurem ents on h ig h  p u r ity  and n om in a lly  u n d op ed  InP are
t
p resen ted  and a com parison  w ith  th e o r e t ic a l  p r e d ic t io n s , u s in g  an  
i t e r a t iv e  s o lu t io n  o f  th e  Boltzm ann E q u ation , i s  m ade. R e su lts  
from  th e  v e r y  p u re la y e r s  g iv e  c le a r  d e ta i ls  o f  th e  in tr in s ic  
tra n sp o r t p r o p e r tie s  by e x te n d in g  th e  p h on on  d o m in a tio n  o f  
sc a tte r in g  down to  lo w er  tem p era tu res  th a n  e v e r  b e fo r e . D e p le t io n  
e f f e c t s  p e c u lia r  to  th in  h ig h  p u r ity  sam p les a re  d is c u s s e d  in  
term s o f  th e ir  e f f e c t s  on tr a n sp o r t  p r o p e r t ie s  and th e  m easu red  
H all ca rr ier  co n cen tra tio n . The e f f e c t  o f  h ig h  p r e s s u r e , up  to  
8Kb, on th e  e le c tr o n  m o b ility  th r o u g h o u t th e  h e liu m  tem p era tu re  
range i s  p re se n te d  and com p arison s w ith  t h e o r e t ic a l  p r e d ic t io n s  
are g iven .
6.2 ATMOSPHERIC PRESSURE RESULTS
F igure 6.1 sh o w s H all M ob ility  m easu rem en ts a t  2000 G auss fo r  
th ree  n om in ally  p ure InP sam ples.
14 -3Sam ple (c) a t (Nj^-N^) around  5.10 cm r e p r e s e n ts  a ty p ic a l
4 2undoped sam ple h a v in g  a 77k m o b ility  in  th e  r e g io n  o f  8.10 cm
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f i g u r e  6.1  T em perature d ep en d en ce  o f  H all m o b ility  fo r  th r e e  
sam ples. S o lid  l in e s  I.S.B.E g en era te d  f i t s .
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f i g u r e  6 . 2  Open c ir c le s  raw H all c a r r ie r  c o n c e n tr a tio n  d ata  fo r  
sam ples (b) and (c). C losed  c ir c le s  d a ta  c o r r e c te d  fo r  H all fa c to r  
and d ep le tio n . S o lid  l in e s  f i t s  u s in g  e q u a tio n  2.3.11.
v  \  Sam ples (a) and (b) h ave  77k m o b ilit ie s  in  th e  reg io n  o f
3(10)5 cm^ v  ^  1 and 2.2(105) cm2V 1s 1. The h ig h e s t  p u r ity
5 2 - 1 - 1sam ple p eak s a t around 4(10) cm V s . The m easured  room
13 3tem p eratu re H all ca rr ier  d e n s it ie s  are in  th e  reg io n  o f  3(10) cm 
fo r  sam ple (a) and 5(10)^cm  5 fo r  (b). Sam ples (a) and (b) 
rep re se n t th e  h ig h e s t  m o b ilit ie s  e v er  record ed  in  InP (sam ple (a) 
h av in g  a 77K m o b ility  o f  g rea te r  th an  tw o tim es th e  p r e v io u s  
h ig h e s t  record ed  (Di F orte  P o isso n  e t  a l (1985)) and c o n se q u e n tly  
th e s e  are e x c e lle n t  sam ples w ith  w hich  to  t e s t  th e o r ie s  o f  phonon  
sc a tte r in g  u s in g  th e  I.S.B.E..
The h igh  tem p eratu re m o b ility  is  lim ited  by o p t ic a l p h on on s  
w h ils t , a t low  tem p era tu res io n is e d  im p u rity  e f f e c t s  dom inate. In 
th e  reg io n  w here th e  m o b ility  tu rn s  o v er  th e  c h a r a c te r is t ic  i s  n o t  
dom inated by any one m echanism  b u t i s  a com b in ation  o f  s e v e r a l. It 
i s  a t th is  p o in t w here a c o u s t ic  phonon  d eform ation  p o te n t ia l  
e f f e c t s  are m ost im portant b u t by no m eans dom inant. An id e a l  
sam ple to  s tu d y  a c o u s t ic  phonon  s c a tte r in g  in  th is  m a ter ia l w ould  
co n ta in  no io n is e d  im p u r itie s  so  th a t  a t le a s t  one m asking e f f e c t  
w ould  be rem oved.
The exp erim en ta l r e s u lt s  o f  f i g u r e  6 .1  h a v e  b een  a n a ly sed  
u sin g  th e  I.S.B.E. in c lu d in g  a ll  th e  m echanism s p r e se n te d  in  
appendix  (i) and u s in g  th e  p aram eters o f  ch a p ter  2.
The so lid  l in e s  in  th e  f ig u r e  are th e o r e t ic a l  f i t s  to  th e  
r e s u lt s  u sin g  th e  I.S.B.E.. In th e s e  c a se s  th e  unknow n a c c e p to r  
d e n s ity  h as b een  u sed  as a f i t t in g  param eter. The ca r r ie r  
co n cen tra tio n  h as b een  s e l f  c o n s is te n t ly  co rr ec ted  fo r  th e  H all 
fa c to r  r^ by a r e c u r s iv e  p r o c e ss . The ca rr ier  c o n c e n tr a tio n  i s  
rep laced  by th e  r^  co rrec ted  v a lu e  and th e  program  is  r e -r u n . It
is  u su a lly  fou n d  th a t  ap p rox im ately  th ree  c o r r e c t io n s  are needed  
to  determ ine th e  c o r r e c t  d r if t  ca rr ier  co n cen tra tio n .
B efore p ro ceed in g  w ith  th e  a n a ly s is  o f  le s s  p u re  sam ples th e  
tw o v ery  h igh  p u r ity  la y e r s  w ere u sed  to  d eterm in e th e  ch o ic e  o f  
con d u ction  band d eform ation  p o te n tia l.
T his p aram eter h a s ca u sed  som e c o n tr o v e r sy  o v e r  re c e n t yea rs . 
Many w orkers h a v e  a n a ly sed  th e ir  tra n sp o r t r e s u lt s  by in c lu d in g  
th e  deform ation  p o te n t ia l a s  a v a r ia b le  param eter. V a lu es o b ta in ed  
in  th is  way v a ry  co n s id e r a b ly  from  3.4eV (Takeda and Sasaki(1984)) 
to  18eV (Nag and Dutta(1978)).
In our a n a ly s is  we p roceed  by ta k in g  r e s u lt s  from  th e  tw o  
h ig h e s t  m o b ility  sam ples and u s in g  th e  I.S.B.E. to  o b ta in  th e  b e s t  
f i t  paying p a r tic u la r  a tte n t io n  to  th e  c h a r a c te r is t ic  n ear  th e  
peak.
It h as b een  fou n d  th a t  good  f i t s  to  our ex p er im en ta l r e s u lt s  
can be ob ta in ed  i f  a d eform ation  p o te n t ia l o f  6.7eV i s  u sed  w ith  
th e  com p en sation  r a t io s  show n. The f i t s  are  e x c e l le n t  b elow  200K 
a lth o u g h  th e r e  i s  a d iscrep a n cy  a t h ig h er  tem p era tu res  fo r  th e  
v ery  pure sam ple w hich  i s  d is c u s se d  la te r . I t i s  im p ortan t to  n o te  
th a t a lth o u g h  i t  i s  p o s s ib le  to  f i t  to  v a r io u s  p o r t io n s  o f  th e  
cu rve  w ith  h ig h er  v a lu e s  o f  E  ^ and co rr esp o n d in g ly  lo w er  v a lu e s  o f  
i t  i s  n o t p o s s ib le  to  f i t  th ro u g h o u t th e  p eak  and low  
tem perature reg io n  w ith  any o th er  com bination . I t  i s  a t th e  peak  
w here th e  cu rve  is  m ost s e n s i t iv e  to  v a lu e s  o f  E^.
This v a lu e  i s  co n s id era b ly  low er th an  many v a lu e s  o b ta in ed  
from tra n sp o r t m easurem ents. It is ,  h ow ev er  c lo s e  to  v a lu e s  
ob ta in ed  o p t ic a lly  from th e  p r e ssu r e  d ep en d en ce o f  th e  d ir e c t  band  
gap (M uller e t  a l (1980)) and to  th e o r e t ic a l v a lu e s  (C ardona and
C h r isten sen  (1987)). It i s  a ls o  c lo s e  to  v a lu e s  o b ta in ed  r e c e n t ly  
by (N olte e t. a l. (1987)) w here h as b een  m easured  d ir e c t ly  by  
lo o k in g  a t th e  e f f e c t s  o f  s tr a in  on deep  Ti and V le v e ls  
a sso c ia te d  w ith  th e  co n d u ctio n  band, w hich  h as r e s u lte d  in  th e  
f ig u r e  7.0eV.
O p tica l m easurem ents r e la te  th e  p r e ssu r e  ra te  ch an ge o f  band  
gap to  E  ^ and th u s  in co r p o r a te  e f f e c t s  from  b oth  co n d u ctio n  and  
v a le n c e  bands (th is  h as b een  d is c u s se d  in  2.6.3). The fa c t  th a t  
ou r co n d u ction  band d eform ation  p o te n t ia l c lo s e ly  a g ree s  w ith  
th e s e  summed e f f e c t s  m ust su g g e s t  th a t  th e  v a le n c e  band m oves  
l i t t l e  w ith  p ressu r e  w hich  i s  th e  o b serv ed  c a se  in  GaAs w here an  
o p t ic a lly  determ ined  d eform ation  p o te n t ia l o f  around  9eV (W elber 
et.al.(1977)) a lso  p rod u ces good  agreem ent w ith  tr a n sp o r t  r e s u lt s  
(L a n cefie ld  e t. al.(1987)).
In th e  ca se  o f  th in  pure sam ples i t  i s  im p ortan t to  a lso  
in c lu d e  co r r e c tio n s  fo r  d e p le t io n  a t th e  su r fa c e  and s u b s tr a te .  
The raw H all ca rr ier  c o n cen tra tio n  d ata  (fo r  sam p les (b) and (c)) 
as m easured assum ing a c o n s ta n t  la y e r  w id th  is  p lo t te d  fo r  th e s e  
sam ples in  f i g u r e  6 . 2 .  The c h a r a c te r is t ic  fo r  sam ple (a) w il l  b e  
d isc u sse d  la ter . Sam ple (c) sh ow s an in i t ia l  ap p aren t tr a p -o u t  
b etw een  300K and 150K. T his h a s th e  ap p earan ce o f  b e in g  due to  th e  
p resen ce  o f  a deep le v e l .  It can, h ow ever  be ex p la in e d  in  term s o f  
th e  tem perature d ep en d en ce o f  th e  su r fa c e  and s u b s tr a te  d e p le t io n  
w id th s. Such an e f f e c t  h as b een  o b serv ed  in  h ig h  p u r ity  GaAs 
(Skromme e t  a l (1985)).The r e s u lt  i s  to  a lte r  th e  e f f e c t iv e  
th ic k n e s s  o f  th e  H all sam ple. M ethods o f  c o r r e c t io n  to  th e  
th ic k n e s s  are d isc u sse d  by C handra e t . al.(1978) w here i t  i s  
a p p lied  to  th e  ca se  o f  GaAs.
The d e p le t io n  w id th  a t th e  su r fa c e /in te r fa c e  1 ,1. i s  g iv enS X
by:
1 . = s ,i 2c c (V . -  K_T) — s  , l  B — £-
1 1/2
q(N D-N A )
6.2.1
w here Vs ,V  ^ are su r fa c e  and in te r fa c e  p o te n t ia ls  g iv e n  by:
Vs = -  KBT ln
N
n d  -  NA-
6.2.2
i s  th e  su r fa c e  b a rr ier  h e ig h t.
Vi  = (Ec - E T) - K BT l n N 6.2.3
E,p i s  th e  en ergy  le v e l  o f  e le c tr o n  tra p s  in  th e  su b s tr a te ,  
ie . th e  Fermi le v e l  i s  p in n ed  a t in  th e  su b s tr a te .
£  is  th e  e f f e c t iv e  d e n s ity  o f  s ta t e s  in  th e  co n d u ctio nN
band.
I f  th e  tru e  "m etallurgical"  th ic k n e s s  o f  th e  sam ple i s  d
th en  th e  th ic k n e s s  req u ired  fo r  H all c a lc u la t io n s  d,p(T) i s  g iv e n
The s itu a t io n  i s  i l lu s tr a te d  in  f i g u r e  6 . 3  b elow .
H
I
<f>S
i
V.
S u r fa c e  S u b s tr a te
f i g u r e  6 . 3
F or ir o n  doped s u b s tr a te s  th e  Fe^+ trap  le v e l  i s  ta k en  as  
b ein g  0.64eV b elow  th e c o n d u c t io n ^ ^ F u n g  e t . a l. (1979)). Which 
g iv e s  th e  in te r fa c e  b a rr ier  h e ig h t. The su r fa c e  b a r r ie r  p r e s e n ts  a 
few  problem s. It w ill depend on th e  h is to r y  o f  th e  su r fa c e , ie . 
sam ple p rep ara tion . The w ork o f  S p icer  e t . a l  (1979) sh ow s th a t  
th e  Fermi le v e l  p o s it io n  v a r ie s  from  .9eV to  1.2eV ab o v e  th e  
v a le n c e  band in  n -ty p e  InP d ep en d in g  on o x ygen  ex p o su re . The 
c a lc u la t io n  perform ed h ere  ta k e s  th e  low er o f  th e s e  v a lu e s  g iv in g  
a su r fa ce  b a rrier  h e ig h t  o f  .5eV.
The m ethod o f  co r r e c tio n  i s  as fo llo w s . The H all d a ta  d o es  
n o t g iv e  a tru e  ca rr ier  co n cen tra tio n  b u t in s te a d  g iv e s  th e  
p rod u ct o f  th e  ca rr ier  c o n cen tra tio n  and th e  th ic k n e s s  o f  th e  
con d u ctin g  la y e r  n.d^,(T). To in it ia l ly  e s t im a te  d,p(T) a v a lu e  o f  
Np -  is  tak en  (a f ig u r e  s l ig h t ly  g rea te r  th an  th e  ap p aren t room  
tem perature ca rr ier  co n cen tra tio n  is  a good  f i r s t  ap p rox im ation ). 
The e f f e c t iv e  sam ple th ic k n e s s  can th en  be e s tim a ted  u s in g  6.2.1
to  6.2.3. and th e  ca r r ie r  co n cen tra tio n  can  be ca lc u la te d .  
i s  th en  a d ju sted  u n t il  an a cce p ta b le  le a s t  sq u a r es  f i t  to  e q u a tio n  
2.3.11 i s  o b ta in ed . The c a lc u la te d  ca r r ie r  c o n cen tra tio n  i s  th en  
u sed  to  o b ta in  a m o b ility  f i t  in  th e  I.S.B.E. from  w h ich  H all 
fa c to r  r^j c o r r e c t io n s  are  made. The p r o c e ss  i s  rep ea ted  u n t i l  th e  
ca rr ier  co n cen tra tio n  d a ta  g iv e s  good  f i t s  to  b o th  th e  e x p r e s s io n  
m od ellin g  tr a p -o u t  to  a sh a llo w  le v e l  2.3.11 and to  th e  
th e o r e t ic a l m o b ility  g iv e n  by th e  I.S.B.E. As w ould  be e x p e c te d  
fo r  non d eg en era te  m ater ia l, tr a p -o u t  to  a sh a llo w  don or le v e l  i s  
ob serv ed . The le a s t  sq u a r es  f i t s  to  e q u a tio n  2.3.11 p ro d u ce  a  
b in d in g  en ergy  o f  6.8meV fo r  sam ple (b) and 6.2meV fo r  sam ple  (c).
The co rr ec ted  ca r r ie r  co n c e n tr a tio n  r e s u lt s  are p lo t te d  
a lo n g s id e  th e  raw d a ta  in  f i g u r e  6 . 2 .  F a ilu re  to  perform  th e  
co rr ec tio n  w ould  r e s u lt  in  a maximum error  in  c a r r ie r  
co n cen tra tio n  o f  a  fa c to r  o f  ab ou t tw o fo r  sam ple (b) and th e  
co rresp on d in g  m o b ility  d a ta  w ould  s u g g e s t  a co m p en sa tion  r a t io  
som ew hat h ig h er  th an  th e  a c tu a l ca se .
The th e o r e t ic a l donor b in d in g  en erg y  i s  g iv e n  by  
(Neumark(1972)):
Ed = Edo 1 -  1.81aBr(ND -  Na )1/3 + 0.81aBr 2(ND-NA)2/3 6.2.5
Where th e  e f f e c t s  o f  sc r e e n in g  by b o th  fr e e  e le c tr o n s  and  
io n ise d  im p u r itie s  on E^ h a v e  b een  ta k en  in to  a ccou n t, y i s  a  
co n sta n t d eterm ined  by F a lic o v  and C uevas (1967) to  be 2.93. E^q 
is  th e  h yd rogen ic  donor b in d in g  en ergy  and a^ i s  th e  e f f e c t iv e  
Bohr ra d iu s. T his e x p r e ss io n  is  p lo tte d  in  f i g u r e  6 . 4  a lo n g  w ith  
our exp erim en ta l r e s u lt s  and th o s e  o f  L eloup  e t .a l  (1978). The
lo w e s t  ca rr ier  c o n cen tra tio n  p o in t e x te n d s  th e ir  w ork  to w a rd s  th e
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f i g u r e  6 . 4  D onor b in d in g  en erg y  a g a in s t  C ir c le s  sa m p les
(b) and (c) th is  work. S q u ares e x p e r im e n ta l p o in ts  from  L elo u p  
et.a l.(1978). S o lid  l in e  th e o r e t ic a l  from  Neumark(1972).
h yd ro g en ic  c a se  w here th e r e  i s  good  agreem ent w ith  th eo ry .
C learly  d e p le tio n  e f f e c t s  are  im portant in  th e  c a se  o f  th e  
v e r y  h igh  p u r ity  sam ples.
6.3 PERSISTENT PHOTOCONDUCTIVITY IN VERY HIGH PURITY SAMPLES
In th e  ca se  o f  th e  h ig h e s t  p u r ity  sam ple (sam ple (a)) low
tem p eratu re H all e f f e c t  m easurem ents cou ld  o n ly  be perform ed  u n d er
c o n sta n t illu m in a tio n  or, in  th e  dark, a f te r  b e in g  illu m in a ted .
Sam ples co o led  in  th e  dark  to  b elow  150K becom e h ig h ly  r e s i s t iv e
so  th a t  cu rren t can n o t be d r iv en  th ro u g h  them  .( In term s o f  our
equipm ent th is  m eans a r e s is ta n c e  b etw een  c o n ta c ts  s u b s ta n t ia lly
g r e a te r  th an  400 Mfl.)
Such a rap id  change o f  r e s i s t iv i t y  w ith  tem p era tu re  can  be
ex p la in e d  fo r  th is  la y e r  in  term s o f  d e p le t io n  due to  su r fa c e  and
su b s tr a te  in te r fa c e  b a rr ier  p o te n t ia ls .  The e f f e c t  o f  tem p era tu re
on th e  ca rr ier  c o n cen tra tio n  in  th e  sam ple h a s b een  m od elled  u s in g
a P o isso n  E quation  s o lv in g  r o u t in e  w ith  th e  fo llo w in g  p aram eters:
13 -3Np=3.(10) cm (determ ined  from  e le c tr o c h e m ic a l C-V  
profiling),-sam ple th ic k n e s s  = 8 /im; su r fa c e  b a rr ier  p o te n t ia l  = 
0.5V. The su b s tr a te  i s  ta k en  a s  c o n ta in in g  d eep  a c c e p to r s  a t  
0.64eV below  th e  co n d u ctio n  band edge.
Figure 6 . 5  sh ow s th e  p o te n t ia l/d e p th  p r o f ile  a t  tw o  d if f e r e n t  
tem p eratu res and f i g u r e  6 . 6  sh o w s th e  co rresp o n d in g  fr e e  c a r r ie r  
co n cen tra tio n  p r o file .
At 300K th e  su r fa c e  and s u b s tr a te  d e p le t io n  r e g io n s  h a v e  
a lm ost met so  th a t ca r r ie r s  are  co n fin ed  in  a r e la t iv e ly  narrow  
c e n tr a l reg ion  (90% o f  c a r r ie r s  are in  th e  c e n tr a l 2/im). The
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f i g u r e  6 . 5  P o te n tia l v a r ia t io n  w ith  d is ta n c e  in to  e p ila y e r
13 ~3c a lc u la te d  fo r  background  im p u rity  d e n s it ie s  o f  3(10) cm and  
4(10)^cm   ^ a t  tw o tem p era tu res .
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f i g u r e  6 .6  C arrier co n cen tra tio n  v a r ia t io n  w ith  d is ta n c e  in to
13 -3e p ila y e r  fo r  background im p u rity  d e n s ity  o f  3(10) cm and  
13 -34(10) cm a t tw o tem p eratu res.
tem p eratu re dep en d en ce o f  th e s e  d e p le t io n  r e g io n s  d is c u s se d  
e a r lie r  e n su res  th a t  by th e  tim e th e  tem p era tu re  h a s  b een  red u ced  
to  150K th e  tw o reg io n s  h ave  m erged and s ig n if ic a n t  c a r r ie r  lo s s  
h as occured . It sh o u ld  be p o in ted  o u t th a t  t h is  "true" ca r r ie r  
lo s s  i s  d if fe r e n t  from th e  "apparent" c a r r ie r  lo s s  d is c u s s e d  w ith  
regard  to  th ic k e r  and le s s  pure la y e r s . In th e  c a se  o f  "apparent"  
lo s s  th e  ca rr ier  co n cen tra tio n  in  th e  co n d u ctin g  p a r t o f  th e  la y e r  
d o es n o t ch an ge s ig n if ic a n t ly  w ith  tem p era tu re  a lth o u g h  i t  ap p ea rs  
to  do so  i f  th e  d ecre a se  in  th e  w id th  o f  th is  r e g io n  d u e to  th e  
tem p eratu re d ep en d en ce o f  th e  su r fa c e  and s u b s tr a te  b a rr ier  
p o te n t ia ls  i s  n o t ta k en  in to  a ccou n t. In th e  c a se  o f  th e  v e r y  p ure  
sam ple th e  lo s s  i s  r e a l and r e s u lt s  from  c a r r ie r s  b e in g  sw e p t o u t  
o f  th e  e p ila y e r  as th e  tw o d e p le t io n  r e g io n s  m eet and th e  sam ple  
becom es com p lete ly  d ep le ted .
The m odel g iv e s  n ea r ly  100% lo s s  in  ca r r ie r  c o n c e n tr a t io n  in  
th e  co n d u ctin g  reg io n  as th e  tem p era tu re  i s  red u ced  from  room  
tem p eratu re to  77K and to ta l  c a rr ier  lo s s  by 4K. A t a tem p era tu re  
su ch  th a t th e  d e p le tio n  r e g io n s  are c lo s e  to  m eetin g  th e  c a r r ie r  
co n cen tra tio n  is  v ery  s e n s i t iv e  to  la y e r  w id th , s u r fa c e  b a rr ier  
p o te n t ia l and io n ized  im p u rity  c o n c e n tr a tio n . It i s  r e a s o n a b le  to  
su p p o se  th a t  th e  sam ple i s  n o t e x a c t ly  un iform  and a t  a g iv e n  
tem p eratu re, cer ta in  reg io n s  o f  H all sam ple m igh t b e a lm ost  
to ta l ly  d ep le ted  w h ils t  o th e r s  w ould  s t i l l  c o n ta in  a s ig n if ic a n t  
num ber o f  ca rr iers . T h is is  show n by com paring th e  tw o g ra p h s  in
f i g u r e  6 . 5  w here th e  d if fe r e n t  d e p le t io n  d e p th s  in  la y e r s  a t
13 -3  13 -33(10) cm and 4(10) cm p ro d u ces  a p o te n t ia l  d if fe r e n c e  (a t
th e  cen tre  o f  th e  sam ple) b etw een  them  >.leV  a t  77K. Figure  6 .6
sh ow s th e  corresp on d in g  c a rr ier  c o n c e n tr a tio n  p r o f i le  p r o f i le
w here a t 77K th e  c a rr ier  c o n c e n tr a tio n  a t th e  c e n tr e  o f  th e  sam ple
8d if f e r s  by a fa c to r  o f  10  b e tw een  th e  tw o b ack grou n d  im p u rity  
d e n s it ie s .  Then th e  sam ple w ould  be e x p e c te d  to  ta k e  th e  form  o f  
p o o ls  o f  con d u ctin g  r e g io n s  f i l l e d  w ith  ch arge  c a r r ie r s  su rro u n d ed  
by non con d u ctin g  b a rr ier s , w h ich  sp rea d  and e v e n tu a lly  c o v e r  th e  
w h ole  sp ace  as th e  tem p era tu re  i s  p r o g r e s s iv e ly  lo w ere d .
In su ch  a system  th e  r e s i s t iv i t y  w ould  becom e v e r y  la r g e  a s
th e  con d u ctin g  re g io n s  ju s t  becom e c u t  o f f  from  o n e  a n o th e r  by th e
b a rr iers . Figure 6 .6  sh o w s th a t  ( fo r  a sam ple w ith  b ack grou n d
13 -3im p u rity  d e n s ity  3(10) cm ), a s  th e  c a rr ier  d e n s ity  b ecom es  
sm all a t low er tem p era tu res , th e  lo s s  o f  c o n d u c t iv ity  w i l l  o ccu r  
ev en  in  a p e r fe c t ly  h om ogen eou s sam ple and th e r e fo r e  th e  
p e r c o la t io n  typ e  argum ent, a lth o u g h  i t  m ust o ccu r  to  som e e x te n t  
i f  th e  sam ple is  a t a l l  n on -u n iform , i s  n o t n e c e s s a r y  to  e x p la in  
th e  r e s u lt s  d isc u sse d  so  far .
To perform  tem p era tu re  d ep en d en t H all e f f e c t  m easu rem en ts  
ca r r ie r s  m ust f ir s t  be "put back" in to  th e  sam p le a t  low  
tem p era tu res. The H all e f f e c t  r e s u lt s  m easured  in  th e  h e liu m  ran ge  
fo r  th is  sam ple h a v e  b een  a c h ie v e d  u s in g  th e  p e r s is t e n t  
p h o to co n d u ctiv e  e f f e c t .  The tem p era tu re  d ep en d en ce  o f  th e  H all 
c a rr ier  co n cen tra tio n  fo r  t h is  sam ple i s  show n  in  f i g u r e  6 . 7 .  In 
th is  c a se  th e  sam ple w as illu m in a te d  a t low  te m p era tu re  and  
m easurm ents made upon in c r e a se  in  tem p era tu re . T h is  g iv e s  r i s e  to  
a ra th er  stra n g e  c h a r a c te r is t ic . L o ss  o f  o p t ic a l ly  g e n e r a te d  
ca r r ie r s  as tem p eratu re i s  in c r e a se d  g iv e s  r i s e  to  th e  drop  
o b serv ed  near room tem p era tu re .
It i s  found  th a t sam p les, w hen in  th e  h ig h  r e s is t a n c e  reg im e, 
d isp la y  p e r s is te n t  p h o to c o n d u c tiv e  e f f e c t s .  Such e f f e c t s  h a v e  b een
Temperature (K)
f i g u r e  6 . 7  The tem p era tu re  d ep en d en ce o f  th e  H all c a r r ie r  
co n cen tra tio n  fo r  sam ple (a). The sam ple w as illu m in a te d  a t low  
tem p eratu re and th e  m easurem ent w as ca rr ied  o u t  a s  tem p era tu re  w as  
in crea sed .
o b serv ed  in  tw o d im en sion a l sy ste m s  ( K a sta lsk y  and Hwang (1984)
and Kane et.a l.(1986) and in  "bulk" GaAs (Q u e iser  and
Theodorou(1979)) b u t a p p a ren tly  n o t in  InP. In th e  c a se  o f  "bulk"
la y e r s  th e  e f f e c t  i s  norm ally  p u t dow n to  th e  p r e se n c e  o f  a
b a rr ier  to  recom b in ation  to  a d eep  s t a t e  w ith  a la r g e  la t t i c e
r e la x a tio n . The work o f  Q u e ise r  and T heodorou  (1979) on GaAs
su g g e s t  th a t  th e  b a rr ier  c a u s in g  ch a rg e  se p a r a tio n  and p r e v e n tin g
recom b in ation  i s  in  fa c t  th e  p o te n t ia l  b a rr ier  a t  th e
e p ila y e r /su b s tr a te  in te r fa c e . T h is i s  b a sed  on th e  fa c t  th a t  th e
e f f e c t  i s  o n ly  o b serv ed  in  th e ir  c a se  in  la y e r s  l e s s  th a n  5fim
th ic k . At a f i r s t  g la n ce  i t  w ou ld  ap p ear  th a t  o u r  InP a t  8jim i s
to o  th ic k  fo r  su ch  an e f f e c t  to  b e im p ortan t. H ow ever i t  sh o u ld  be
13 -3n o ted  th a t  fo r  = 3(10) cm and fo r  an ir o n  doped
su b s tr a te  th e  d e p le tio n  r e g io n  a t th e  s u b s tr a te  w ou ld  e x te n d  5/im 
from  th e  in te r fa c e  so  th a t  e le c tr o n -h o le  p a ir s  g en e r a te d  o n ly  3fim 
from  th e  su r fa c e  w ould  be se p a r a te d  b y  th e  p o te n t ia l  g r a d ie n t  and  
w ould  be a b le  to  c o n tr ib u te  to  p e r s is t e n t  p h o to c o n d u c tio n .
To s tu d y  th e  w a v e len g th  d ep en d en ce  o f  th e  p e r s is t e n t  H all 
e f fe c t ,  ca r r ie r  co n cen tra tio n  m easu rem en ts a s  a  fu n c t io n  o f  
w a v elen g th  o f  p r io r  il lu m in a t io n  h a v e  b een  c a r r ie d  o u t. 
Illu m in a tio n  o f  sam ples w as a c h ie v e d  by m eans o f  an o p t ic a l  f ib r e  
p a ssed  in to  th e  p r e ssu r e  c e l l  and il lu m in a te d  by  m eans o f  a 
tu n g ste n  b u lb  and sp ec tro m eter . T h is s e t  up a ssu r e d  th a t  o p t ic a l  
pow er w as v ery  low  and sam ple h e a tin g  d id  n o t  occu r. I llu m in a tio n  
a t each  w a v elen g th  w as p erform ed  fo r  th e  sam e p er io d  o f  tim e to  
en su re  th a t  ap p rox im ately  th e  sam e t o t a l  en erg y  f e l l  on  to  th e  
sam ple. The w av e len g th  d ep en d en ce  o f  th e  p e r s is t e n t  e f f e c t  i s  
p lo tte d  in  f i g u r e  6 .8 .
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f i g u r e  6 . 8  D ependence o f  c a rr ier  c o n c e n tr a tio n  -  la y e r  w id th  
p ro d u ct on w a v e len g th  o f  p r io r  il lu m in a tio n  fo r  p u re InP sam p le .
The la rg e  ch an ge in  th e  p ro d u ct o f  la y e r  w id th  and H all 
c a r r ie r  co n cen tra tio n  co rresp o n d in g  to  th e  band ed g e  en erg y  w ould  
aga in  ten d  to  su p p o rt th e  ch arge  s e p a r a tio n  by m acro sco p ic  f ie ld s  
a t d e p le t io n  re g io n s  ra th e r  th an  a m icro sco p ic  e f f e c t  in v o lv in g  
D-X c e n tr e s . From th e  f ig u r e  i t  i s  c le a r  th a t  th e r e  i s  a red u ced  
e f f e c t  from below  band gap ra d ia tio n . T h is i s  l ik e ly  to  be due to  
c a r r ie r  g en era tio n  from  le v e ls  in  th e  s u b s tr a te  v ia  su b  band gap  
r a d ia tio n  u n lik e ly  to  be a b sorb ed  in  th e  v e r y  p u re  InP e p ila y er .
The im p ortan ce o f  th e  s u b s tr a te  i s  su p p o r ted  by our
exp er im en ts  on 15/im la y e r s  o f  s im ila r  b ack grou n d  im p u rity  d e n s ity  
w hich  do n o t show  p e r s is te n t  p h o to c o n d u c tiv ity .
The d ep en d en ce o f  th e  m o b ility  on  th e  ap p aran t c a rr ier
c o n cen tra tio n  a t 77 K h a s a lso  b een  reco rd ed  and  i s  p lo t te d  in  
f i g u r e  6 .9 .T h e p o in t  a t th e  lo w e s t  v a lu e  o f  n.d c o rr esp o n d s  to  th e  
f i r s t  reco rd a b le  p o in t  (ie . th a t  a t w h ich  c u rre n t co u ld  f i r s t  be  
p a ssed ). The cu rv e  r e p r e se n tin g  th e  t o t a l  e f f e c t s  o f  s c r e e n in g  on  
th e  m o b ility  i s  a ls o  p lo tte d . (T his in c lu d e s  sc r e e n in g  o f  io n is e d  
im p u r itie s , B rook s-H errin g , and sc r e e n in g  o f  p o la r  p h o n o n s, w hich  
are s t i l l  th e  dom inant s c a t te r in g  m echanism  in  t h is  sam ple a t  
77K). To g en era te  th is  cu rv e  i t  i s  assu m ed  th a t  a l l  th e  ch an ge in  
n.d i s  due to  an in c r e a se  in  c a r r ie r  c o n c e n tr a tio n  and n o t  to  an  
in c r e a se  in  d and th e r e fo r e  th is  r e p r e se n ts  a maximum e x p e c te d  
change.
C learly  th e  o b serv ed  c h a r a c te r is t ic  can  n o t  b e  e x p la in e d  in  
term s o f  scree n in g  a lo n e  -  a lth o u g h  i t  may e x p la in  th e  sm all 
in c r e a se  n ear  sa tu r a tio n . The rap id  r is e  a t  th e  lo w  m o b ility  end
is  more l ik e ly  to  be a c h a r a c te r is t ic  o f  th e  p e r c o la t io n  ty p e
argum ents d isc u sse d  e a r lie r . In th is  c a se  th e  p e r c o la t io n  e f f e c t
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f i g u r e  6 .9  V aria tio n  o f  H all m o b ility  w ith  m easured  H all c a r r ie r  
co n cen tra tio n  fo r  p u re InP sam ple. E xp erim en ta l p o in ts  o b ta in e d  
u t il iz in g  th e  p e r s is te n t  p h o to c o n d u c tiv e  e f fe c t .
m ust r e s u lt  in  a red u ced  m ob ility . A d d ition  o f  c a r r ie r s  by
illu m in a tio n  w ill p rod u ce a w id en in g  o f  th e  co n d u ctio n  reg io n  and
th e  low erin g  o f  p o te n t ia l b a rr iers  u n t il  th e  b a rr ier  to
recom bination  i s  red u ced  to  a few  K„T and a fu r th e r  ch arger$
sep a ra tio n  can n o t occu r. The fa c t  th a t  th e  m o b ility  sa tu r a te s  
su g g e s ts  th a t a t  th is  p o in t  th e  "Lakes" o f  co n d u ctio n  h a v e  a ll  
m erged so  th a t th e  p e r c o la t io n  no lo n g er  o ccu rs . T h is  i s  born  o u t  
by th e  fa c t  th a t, a t sa tu r a t io n , m easurem ents made u n d er c o n s ta n t  
il lu m in a tio n  p rod u ce an in c r e a se  in  th e  n.d p ro d u ct b u t no fu r th e r  
m o b ility  in crea se .
An ex a c t a n a ly s is  i s  n o t p o s s ib le  due to  th e  la r g e  num ber o f  
unknow ns: we do n o t know  th e  b a rr ier  h e ig h ts  or  th e  tr u e  e le c tr o n  
co n cen tra tio n  in  th e  v a lle y s .  S eco n d ly  i t  i s  n o t tr u e  p e r c o la t io n  
in  th a t  we are n o t so  much " fillin g  up th e  v a lley s"  by  th e  
in tro d u ctio n  o f  ch arge c a r r ie r s  as " filin g  down th e  m ountains"  by  
e le c tr ic  f ie ld s  p roduced  by th e  a ccu m u la tion  o f  ch a rg e  c a r r ie r s .
It is ,  h ow ever p o s s ib le  to  m ake a few  a p p ro x im a tio n s w ith  
regard  to  th e  fr a c t io n  o f  th e  area  w h ich  i s  in s u la t in g . The 
su r fa c e  and su b s tr a te  p o te n t ia l  b a r r ie r s  e f f e c t iv e ly  c o n fin e  th e  
e le c tr o n s  to  th e  cen tre  few  m icrons o f  th e  e p ila y e r . The e le c tr o n s  
th en  a v o id  n o n -co n d u ctin g  a rea s  by m oving in  th e  p la n e  o f  th e  
c en tre  o f  th is  la y er . Thus th e  e le c tr o n  i s  p e r c o la t in g  in  tw o  
d im en sion s. The w ork o f  A dkins(1979) h a s p rod u ced  a th e o r y  o f  th e  
H all e f f e c t  in  a tw o d im en sio n a l e f f e c t iv e  medium. F or an  
e f f e c t iv e  medium w ith  tw o c o n s t itu e n ts  A and B. The H all 
c o e f f ic ie n t  and m o b ility  can be w r itte n  a s  lin e a r  co m b in a tio n s  o f  
th o se  in  each  o f  th e  se p a r a te  c o n s t itu e n ts :
I f  th e  c o n d u c tiv ity  o f  th e  com p o site  n orm a lised  to  th a t  o f  
th e  B com ponent is:
<r = (l-x )(0 .5 -C ) + / [ (1 -x ) 2 (0 .5 -C )2+x ] 6.3.3
w here C i s  th e  fr a c t io n a l c o n c e n tr a tio n  o f  com ponent A and x  i s  
th e  r a tio  o f  th e  c o n d u c t iv it ie s  o f  com ponents A and B.
Then th e  c o e f f ic ie n t s  r and m are w ritten :
r = x 2 (cr2-  l) /< r 2 ( x 2 - l )  6.3.4a
r^  = ( x 2-  <r2 )/<r2 ( x 2 - 1) 6.3.5
m =x(<r2-  l ) /c r ( x 2 - l )  6.3.6a
m^ = (x 2 -(r2 ) /(r (x 2 - 1 ) 6.3.7
I f  c o n s id era tio n  i s  lim ite d  to  th e  p o in ts  w e ll  aw ay from
sa tu r a tio n  in  f i g u r e  6 .9  Then th e  ap p ro x im a tio n  x=0 i s  n o t
u n rea so n a b le . T his s ta t e s  th a t  A can  be c o n s id e r e d  an in s u la to r  by
com parison  w ith  B. The r e s u lt s  o f  f i g u r e  6 . 6  sh ow  th a t  e v e n  fo r
th e  sm all in h om ogen eity  c o n s id e r e d  th e  r a t io  o f  n and h en ce  o f  th e
_o
c o n d u c t iv ity  in  th e  tw o r e g io n s  i s  (10) . T h is  ap p ro x im a tio n
g iv e s  th e  fo llo w in g  s im p lif ie d  e x p r e s s io n  fo r  th e  H all c o e f f ic ie n t  
and
Rh  = RHb 6.3.8
PH = ( l -2 C )p Hb 6.3.9
A co n seq u en ce  o f  e x p r e s s io n  6.3.8 i s  th a t  fo r  t h is  ex trem e  
c a se  th e  m easured H all c o n c e n tr a tio n  w ill  b e  e q u a l to  th a t  o f  th e
co n d u ctin g  B reg ion .
If i s  tak en  to  be eq u a l to  th e  maximum m o b ility  a t
sa tu r a tio n  th en  i t  i s  p o s s ib le  to  e s t im a te  th e  fr a c t io n  o f  th e
sam ple th a t  i s  in su la t in g . T aking th e  tw o lo w e s t  m o b ility  p o in ts
sh ow s th a t  th is  m odel w ould  e x p la in  th e  o b serv ed  m o b ility  ch a n g e
i f  C v a r ie s  from  1/3 to  1/12.
To p u t som e a c tu a l f ig u r e s  in to  th e  e x p r e s s io n  and o b ta in  an
id e a  o f  w h eth er  su ch  a ch an ge o f  C i s  p o s s ib le  th e  c a se  o f  /i^
changing  from  zero to  i s  co n s id e r e d . E q u ation  6.3.9 sh o w s th a t
su ch  a change in  n„  r e q u ir e s  C to  ch an ge from  1/2 to  0. I f  th e  tw ori
reg io n s  are ta k en  as h a v in g  b ack grou n d  d on or c o n c e n tr a t io n s  o f
13 -3  13 -34(10) cm and 3(10) cm as  c o n s id e r e d  in  f i g u r e s  6 . 5  and 6 . 6  i t
i s  p o s s ib le  to  draw an id e a l is e d  p o te n t ia l  p r o f ile  in  th e  p la n e  o f
th e  e p ila y er  fo r  th e  c a se  C = 1/2.
Ec
In th e  ab ove diagram  i t  i s  a ssum ed  th a t  th e  la y e r  c o n s is t s  o f
tw o c o n s t itu e n ts  on ly  each  o ccu p y in g  h a lf  th e  t o t a l  area . R eg io n  A
h as N ~ . = 3 (10)^  cm  ^ and B h a s = 4(10)*^ cmL)A JJrJ
It sh o u ld  be n o ted  th a t  V i s  n o t  s im p ly  th e  p o te n t ia l  
ex p ec te d  a t an n -n + h om oju n ction , w h ich  fo r  t h e s e  im p u rity  
c o n cen tra tio n s  i s  v ery  sm all (V = KTln(N^^/N^g) = 2 meV a t  77K). 
It in fa c t  r e s u lt s  from  p o te n t ia ls  a t s u r fa c e  and s u b s tr a te .  The 
r e s u lt s  o f  c a lc u la t io n s  in  f i g u r e s  6 . 5  and 6 .6  s u g g e s t  th a t  i f  
each  ty p e  o f  reg ion  can be c o n s id e r e d  se p a r a te ly , th e  e le c tr o n
13 “3 6 -3co n cen tra tio n  fo r  each  is  n A = 2 (1 0 ) cm and n D = 1 (1 0 ) cmA D
w ith  a p o te n t ia l d if fe r e n c e  b e tw een  th e  tw o (V) e q u a l to  .13V a t  
77K.
Illu m in a tio n  by a b o v e  band gap r a d ia tio n  w ill  r e s u lt  in  th e  
norm al ch arge s e p a r a tio n  o b se r v e d  a t an n n+ ju n c t io n  o r  p n 
ju n ctio n  e x c e p t th a t  a lth o u g h  th e  e le c tr o n s  c o l le c t  in  th e  v a lle y s  
th e  h o le s  are sw ep t o u t by th e  band b en d in g  d is c u s se d  e a r lie r . The 
r e s u lt  i s  s im ila r  to  th e  p h o to v o lta ic  e f f e c t  e x c e p t  th a t  th e  
rem oval o f  h o le s  le a d s  to  p e r s is te n c e  a f te r  illu m in a tio n .
The s itu a t io n  i s  no lo n g e r  on e o f  eq u ilib r iu m  ev e n  a f te r  
rem oval o f  th e  l ig h t  so u r c e  as- th e  sy stem  i s  s t i l l  tr y in g  to
retu rn  to  i t s  o r ig in a l s t a t e  by recom b in ation .
Upon illu m in a tio n  e le c tr o n s  in i t ia l ly  c o l le c t  in  th e  B 
reg ion  and s e t  up a f ie ld  te n d in g  to  r e p e l fu r th e r  e le c tr o n s  from  
en ter in g  th u s  red u cin g  V. T h is e n a b le s  th e  B r e g io n  to  sp rea d  in to  
p art o f  th a t  o ccu p ied  by A.
Turning aga in  to  th e  p r o f i le  p erp en d icu la r  to  th e  p la n e  o f  
th e  e p ila y er  f i g u r e s  6 . 5  and 6 . 6  and b orrow in g  th e  fo llo w in g  
e x p r e ss io n  from  th e  c a se  o f  a pn ju n c t io n  u n d er  il lu m in a tio n  
(G o ss ic k  (1964)):
Vph = kT { ln ( 1 + (n -  n ^ n ^ n ^ J  6.3.10
Where n i s  th e  e le c tr o n  c o n c e n tr a tio n  in  th e  e p ila y e r  u n der
illu m in a tio n  and nQ i s  th e  eq u ilib r iu m  c o n c e n tr a tio n .
-23 -3At 77K n  ^ i s  a p p ro x im a te ly  eq u a l to  2(10) cm . F or su ch  a
13 -3system , ta k in g  n Q eq u a l to  1(10) cm (c o rr esp o n d in g  to  th e  B
-50 -3reg io n s), g iv e s  V ^ o f  .IV fo r  (n -  n Q)= (10) cm o n ly .
In our sy stem  tra p p in g  o f  h o le s  in  th e  s u b s tr a te  m eans th a t  
th e  e le c tr o n  c o n c e n tr a tio n  w ill rem ain in  th is  n o n -eq u ilib r iu m  
s ta te  fo r  som e tim e and th e  e p ila y e r /s u b s tr a te  b a rr ier  w il l  rem ain  
red u ced  by V E le c tro n s  p r e fe r e n t ia lly  f a l l  in to  th e  lo w er  
p o te n t ia l B r e g io n s  w here accu m u la tion  c a u se s  a r e d u c tio n  in  th e  
e p ila y e r /su b s tr a te  p o te n t ia l  and h en ce  in  th e  p o te n t ia l  b etw een  A 
and B r e g io n s . T h is c o n tin u e s  u n t il  th e  p o te n t ia l  d if fe r e n c e  
b etw een  A and B e q u a ls  zero  and th e  c a r r ie r  c o n c e n tr a t io n s  in  A 
and B are eq u a l.
6.4 HIGH PRESSURE HALL EFFECT RESULTS
In th e  c a se  o f  sam ple (c )tra p o u t o f  c a r r ie r s  w ith  tem p era tu re  
o v er  a ran ge o f  a b o u t on e o rd er  o f  m agn itu d e can c le a r ly  be  
o b serv ed  and reco rd ed  a t p r e ssu r e s  up to  8 Kb. I t  i s  p o s s ib le  to  
u s e  eq u a tio n  2.3.11 and by perform ing  a le a s t  sq u a r e  f i t  o b ta in  
v a lu e s  fo r  th e  b in d in g  en erg y  o f  th e  sh a llo w  d on or. The f i t s  a lon g  
w ith  th e  ex p er im en ta l p o in ts  fo r  a tm o sp h er ic  p r e s su r e  h a v e  a lrea d y  
b een  show n in  f i g u r e ( 6 . 4 ) .  The p r e ssu r e  d ep en d en ce  o f  th e  b in d in g  
en e r g ie s  i s  show n in  f i g a r e ( 6 . 10).  The p r e s s u r e  d ep en d en ce  o f  th e  
b in d in g  en erg y  i s  aga in  a n a ly sed  in  term s o f  th e  Neum ark  
e x p r e ss io n .
The p r e ssu r e  d ep en d en ce  o f  E^ i s  g o v ern ed  by th a t  o f  th e
e f f e c t iv e  m ass and d ie le c tr ic  c o n sta n t  th ro u g h  th e  h y d ro g en ic
sh a llo w  donor en erg y  E^q and th e  Bohr r a d iu s  a^. The p r e ssu r e
d ep en d en ce o f  th e  Neumark e x p r e s s io n  i s  p lo t te d  a lo n g s id e  th e
exp er im en ta l r e s u lt s  in  f i g u r e  6 .10 .  The p r e s su r e  d ep en d en ce  i s
sm all.T he a b so lu te  v a lu e s  are n o t in  agreem en t b u t a s  can  be se e n  
by th e  d ash ed  l in e  in  th e  f ig u r e , w hich  i s  th e  Neum ark e x p r e s s io n
tra n sp o sed  fo r  com parison , th e  th eo ry  a g r e e s  a p p ro x im a te ly  w ith
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f i g u r e  6 .10 V aria tion  o f  d on or b in d in g  en ergy  w ith  p r e s s u r e  fo r  
14 - 3
8(10) cm InP sam ple. C irc le s  ex p er im en ta l p o in ts . S o lid  l in e  
p red ic te d  u s in g  e x p r e s s io n  from  Neumark(1972)
exp erim en t o v e r  th is  p r e ssu r e  range. H ow ever a th o ro u g h  t e s t  w ould
req u ire  u se  o f  much h ig h e r  p r e ssu r e s .
The r e s u lt s  o f  h ig h  p r e ssu r e  tr a n sp o r t m easu rem en ts fo r
sam ple (b) are  show n in  f i g u r e  6.11  w here th e  r a t io  o f  m o b ility  a t
8 Kbar to  th a t  a t  a tm o sp h er ic  p r e ssu r e  i s  p lo t te d  a s  a fu n c t io n  o f
tem p eratu re. A greem ent b etw een  r e s u lt s  and th e o r y  u s in g  th e
I.S.B.E. is  r e a so n a b le  co n s id er in g  th e  ex p er im en ta l error
in v o lv e d . At h ig h  tem p era tu res  th e  p r e ssu r e  d ep en d en ce  g o e s  a s  th e
*-3/2
p o la r  phonon  lim ite d  m o b ility  (« m ). The m o b ility  g o e s
th ro u g h  an in term e d ia te  tem p eratu re reg io n  w h ere  a m ix tu re  o f
m echanism s c o n tr o l th e  tr a n sp o r t  p r o p e r tie s . At lo w  tem p era tu res  =
20K th e  m o b ility  te n d s  to  th a t  c o n tr o lle d  b y  th e  io n iz ed
im p u r itie s . The io n iz ed  im p u rity  s c a t te r in g  i s  p r o p o r t io n a l to  
* - 1/2
m and a sm all c o n tr ib u tio n  from th e  s c r e e n in g  term .
The sc r e e n in g  term  in  th e  B rook es-H errin g  e x p r e s s io n  is :
Ln(l+b) -  b
1 +b
The ch an ge in  8 Kbar i s  1% fo r  la r g e  b. For t h i s  sam ple  b>200 
at 20K. Thus th e  sc r e e n in g  term  h as an e f f e c t  on  th e  p r e s su r e  
d ep en d en ce o f  th e  io n iz ed  im p u rity  lim ited  m o b ility  e q u a l to  ab ou t  
1% a t la r g e  b. At sm all b w hen th e  Born a p p ro x im a tio n  i s  c lo s e  to  
fa ilu r e  (b^l) th e  p r e ssu r e  d ep en d en ce b ecom es m uch la r g er . T his  
d oes n o t e f f e c t  our sam ple a s  th e  Born ap p ro x im a tio n  i s  s t i l l  
v a lid .
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f i g u r e  6.11  Tem perature dep en d en ce o f  p r e s su r e  c o e f f ic ie n t  o f
14 -3m o b ility  fo r  8(10) cm sam ple. C irc le s  e x p er im en ta l p o in ts .  
S o lid  l in e  th e o r e t ic a l p r e d ic tio n  u s in g  I.S.B.E..
6.5 CONCLUSIONS
A number o f  nom in a lly  p u re  sam ples o f  InP h a v e  b een  s tu d ie d
13w ith  background im p u rity  d e n s it ie s  va ry in g  from  th e  low  1 0  s to  
15 -310 cm . An it e r a t iv e  s o lu t io n  o f  th e  Boltzmann e q u a tio n  h a s  b een  
u se d  to  a n a lyse  r e s u lt s  o f  tem p era tu re  d ep en d en t H a ll e f f e c t  
m easurem ents down to  h elium  tem p era tu res . Good a g reem en t w ith  
th e o r y  i s  ob ta in ed  fo r  a ll  sa m p les  in c lu d in g  th e  h ig h e s t  p u r ity  
la y e r  w hich , h av in g  a m o b ility  o f  in  e x c e s s  o f  400,000 Vcm *s * a t  
40K is  th e  h ig h e s t  m o b ility  m easured  to  d ate . T h is sam p le p r o v id e s  
th e  b e s t  t e s t  o f  phonon  s c a t te r in g  th e o r ie s  p r e s e n t ly  a v a ila b le  
fo r  InP and has en ab led  th e  a c o u s t ic  d eform ation  p o te n t ia l  fo r  th e  
co n d u ctio n  band to  be p in p o in te d  a t 6.7 + .leV . D e p le t io n  e f f e c t s  
d u e to  su r fa ce  and s u b s tr a te  p o te n t ia ls  are im p ortan t. F a ilu r e  to  
in co r p o r a te  th e se  in to  th e  m o b ility  a n a ly s is  w ou ld  r e s u l t  in  an 
o v e r  estim a te  o f  th e  co m p en sa tion  r a t io s . In th e  c a s e  o f  th e  
h ig h e s t  p u r ity  sam ples th e s e  e f f e c t s  r e s u lt  in  n e a r  co m p le te  lo s s  
o f  ca rr ier s  from th e  e p ila y e r  and e le c tr ic a l  m easu rem en ts can  o n ly  
b e made under c o n sta n t il lu m in a tio n  or  a f te r  il lu m in a t io n  r e ly in g  
on th e  p e r s is te n t  p h o to c o n d u c t iv ity  r e s u lt in g  from  ch a rg e  
se p a r a tio n  a t th e  e p ila y e r  -  s u b s tr a te  in te r fa c e . T he H all 
m o b ility  v a r ie s  w ith  ca r r ie r  co n c e n tr a tio n  re a c h in g  a maximum  
w here th e  p h oto g en era ted  c a r r ie r  d e n s ity  s a tu r a te s .  A s u g g e s te d  
c a u se  o f  th is  phenom enon i s  a p e r c o la t io n  e f f e c t  c a u se d  b y  sm all 
in h o m o g en e itie s  in  th e  sam ple w hich  can r e s u lt  in  m a ss iv e ly  
d e p le te d  reg ion s a t su ch  low  c a r r ie r  c o n c e n tr a tio n s .
Where tr a p -o u t o f  c a r r ie r s  can be o b se r v e d  a t  low  
tem p era tu res an a c t iv a t io n  en erg y  fo r  sh a llo w  d o n o rs  can  be
ca lc u la te d . The r e la t io n sh ip  b e tw een  don or b in d in g  e n erg y  and fr e e
15 -3e le c tr o n  co n cen tra tio n  i s  m  rou gh  agreem en t, fo r  th e  1 0  cm 
sam ple, w ith  th e  th eo ry  o f  Neumark(1972). For p u rer  sa m p les  a  
b in d in g  energy c lo se  to  th e  h y d ro g en ic  c a se  i s  o b se r v e d . In th is  
c a se  th e  sm all d e v ia t io n  from  th e  h y d ro g en ic  c a s e  i s  d e sc r ib e d  
w e ll by th e  Neumark e x p r e ss io n .
High p ressu r e  ex p er im en ts  r e v e a l a p r e s s u r e  d ep en d en ce  o f  
m o b ility  w hich can be d e sc r ib e d  w e ll by  th e  I.S.B.E. th r o u g h o u t  
th e  helium  tem perature ran ge. At low  tem p era tu res  B ro o k es H erring  
th eo ry  d escr ib es  th e  io n is e d  im p u rity  lim ite d  m o b ility  w e ll.
A sm all p ressu r e  d ep en d en ce  o f  th e  don or b in d in g  en erg y  can  
be m easured. T his is  in  agreem en t w ith  th e  p r e s su r e  d ep en d en ce  o f  
th e  Neumark e x p ress io n .
CHAPTER 7
THE TEMPERATURE AND PRESSURE DEPENDENCE OF THE MOBILITY
IN DOPED INP
7.1 INTRODUCTION
In th e  la s t  ch a p ter  an I.S.B.E. w as u sed  w ith  s u c c e s s  to  
a ccu ra te ly  d escr ib e  b o th  th e  tem p eratu re and p r e ssu r e  d ep en d en ce  
o f  th e  m o b ility  in  p u re and n om in ally  undoped InP.
In th is  ch a p ter  th e  exp erim en ts h a v e  b een  ex te n d e d  to  more 
h e a v ily  doped sam ples w here th e  I.S.B.E. i s  show n to  be in a d eq u a te  
as a d esc r ip tio n  o f  th e  tra n sp o r t p r o p e r tie s  o f  th e  m ater ia l.
Two a d d itio n a l e f f e c t s  are d isc u sse d . The e f f e c t s  o f  
co r r e la t io n  o f  im p u r itie s  on th e  m o b ility  in  h ig h ly  doped  sam ples  
i s  co n sid ered . At low  tem p eratu res co n d u ctio n  in  an im p u rity  band  
i s  l ik e ly  to  h ave  a co n s id e r a b le  e f f e c t  on tr a n sp o r t  p r o p e r tie s .
Figures 7.1 and 7 . 2  show  th e  exp er im en ta l r e s u lt s  fo r  f iv e  
sam ples. Two undoped sam ples from  th e  p r e v io u s  ch a p te r  h a v e  b een  
in c lu d ed  fo r  com parison.
The in term e d ia te ly  doped  sam ple (c) and th e  h e a v ily  doped  
sam ple (e) are d isc u sse d  in d iv id u a lly . Comment on r e s u lt s  from  
sam ple (d) i s  re se r v e d  u n t il  th e  g en era l d is c u s s io n  s e c t io n .
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f i g u r e  7 .1 M obility  tem p eratu re c h a r a c te r is t ic s  fo r  f iv e  sam p les  
S o lid  l in e s  -  I.S.B.E. c a lc u la te d  f i t s  fo r  sam p les (a), (b), (c). 
D otted  lin e  -  I.S.B.E. p lu s  im p u rity  band e f f e c t s  fo r  sam p le  (c). 
D ashed lin e  -  s c a tte r in g  from  a c o r r e la te d  d is tr ib u t io n  o f  
p o te n t ia l f lu c tu a t io n s  a p p ro p r ia te  fo r  sam ple (e).
Ca
rr
ie
r 
C
on
ce
nt
ra
ti
on
lc
m
'^
)
Kio/^ H
S - 2 0 O ) l7H
» * * A *  A
7 ( 1 0 )
,16.
6 ( 10).16—
5 ( 1 0 )
, 16  _
4 ( 1 0 )
1 6
■ 8h ■
8  g 8
9 0
- i------------1-------1----1--- 1----------- 1------------ 1-------1---- 1---1----------- 1------------ H
10 100 500
T e m p e r a t u r e  ( K )
f i g u r e  7 .2  T em perature d ep en d en ce o f  ex p er im en ta l H all c a r r ie r  
co n cen tra tio n  fo r  sam ples (c), (d), (e). S o lid  l in e s  -  H all fa c to r  
co rrectio n .
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7.2 INTERMEDIATE DOPING
For th e  exp er im en ta l tem p era tu re  d ep en d en ce  o f  b o th  th e  H all 
m o b ility  and H all ca rr ier  c o n c e n tr a tio n  we r e fe r  to  f i g u r e s  7.1  
and 7 .2 .  In te r e s t in g  fe a tu r e s  o f  th e s e  p lo ts  are th e  ex trem e ly  low  
m o b ility  a t th e  low  tem p eratu re  end o f  th e  cu rv e  fo r  sam ple (c) 
and th e  d ip  in  th e  ca rr ier  c o n c e n tr a tio n  b etw een  10K and 300K. An
I.S.B.E. p red ic te d  cu rve  h a s  b een  in c lu d ed  in  f i g u r e  7 .1  and  
c le a r ly  th e  B rookes H erring th eo ry  i s  n o t  s u c c e s s fu l  in  
s im u lta n eo u s ly  d escr ib in g  b o th  low  and h ig h  tem p eratu re  r e s u lt s .
In th e  low  tem p eratu re  reg io n  we h a v e  fo u n d  th a t  i t  i s  
n e c e ssa r y  to  in c lu d e  th e  e f f e c t s  o f  im p u rity  band co n d u ctio n . Such  
e f f e c t s  are n e g lig ib le  in  th e  h ig h  p u r ity  sam ples d esc r ib e d  in  th e  
p r e v io u s  ch ap ter . For th e s e  (h igh  p u r ity  sam p les) e le c tr o n s  on  
im p u rity  le v e ls  are s tr o n g ly  lo c a lis e d  and h a v e  n o t had  to  be  
in c lu d ed  in  th e  a n a ly s is .
An in d ic a tio n  th a t  h op p in g  co n d u ctio n  i s  p r e se n t  w ou ld  be an  
a c t iv a te d  c o n d u c tiv ity  a t low  tem p era tu res . Figure 7 . 3  sh o w s th e  
r e s is t iv i t y  o f  sam ple (c) p lo t te d  a g a in s t  r e c ip r o c a l tem p era tu re . 
It i s  c le a r  th a t  i f  th e  r e s i s t iv i t y  i s  a c t iv a te d  a t th e  low  
tem p eratu re end ( < 10K ) th en  th e  a c t iv a t io n  en erg y  i s  sm a ll and  
i t s  m easurem ent beyond th e  accu racy  o f  th e  p r e se n t  exp erim en t.
As p r e v io u s ly  d is c u s se d  in  ch a p ter  5 i f  th e  d on or
c o n cen tra tio n  is  ab ove a c e r ta in  c r i t ic a l  co n c e n tr a tio n  N , su chdc
1 /3  -1th a t  (N ^  ag  ) =  ^ th en  th e  M ott tr a n s it io n  ta k e s  p la c e  and
co n d u ctio n  becom es m eta llic . Below  th is  v a lu e  co n d u ctio n  ta k e s  
p la ce  by a h op pin g  m echanism . The r e s u lt s  o f  Emel'ya-nenko e t  a l
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f i g u r e  7 .3  R e s is t iv ity  as a  fu n c t io n  o f  r e c ip r o c a l tem p era tu re  
fo r  sam ple (c).
su g g e s t  th a t  th e  c r i t ic a l  v a lu e  fo r  th e  r e c ip r o c a l o f  th e  p rod u ct
1 /3  1 /3  -1
^dc aB ma^ k 0  c lo s e r  to  3. Our sam ple w ith  (N ^c ag) = 3.2 is
ju s t  eq u a l to  th a t  e x p e c te d  a t th e  M ott tr a n s it io n . We assum e th a t
th e  h op pin g  e x p r e ss io n  i s  v a lid  and th a t  th e  a c t iv a t io n  en erg y  i s
sm all, w hich  i s  r ea so n a b le  th is  c lo se  to  th e  M ott tr a n s it io n .
The low  tem p eratu re r e s is t iv i t y  o f  b o th  InP and GaAs h ave
been  s tu d ie d  by Em el'yanenko e t. a l  (1973). T hey a n a ly se  th e
r e s is t iv i t y  in  term s o f  eq u a tio n  4.2.1 .Where th e  fa c to r  h as
th e  form o f  4.2.2:
P3  = pc exp(a/N d 1 /,3 aB) 7.2.1
From th e ir  exp er im en ts  th e y  are a b le  to  o b ta in  a v a lu e  fo r  a
= 1.8 in  good  agreem ent w ith  th eo ry  (1.7 ± .2) (S h k lo v sk ii and
E fros (1984)). We h a v e  u sed  7.2.1 w ith  a = 1.75 (in  agreem en t w ith
-4b oth  th e  v a lu e s  o f  E m elyanenko e t. a l. and th eo ry ) and pc = 4(10) 
ficm in  th e  a n a ly s is  th a t  fo llo w s .
In f i g u r e  7 . 4  th e  fr a c t io n a l ch an ge in  m o b ility  in  8 Kbars h a s  
b een  p lo tte d  a g a in s t  tem p eratu re. For c la r ity  th e  d a ta  fo r  sam ple
(c) h as b een  p lo tte d  aga in  in  f ig u r e  7.6 w here we h a v e  in c lu d e d  an
I.S.B.E. p red ic ted  f i t  fo r  com parison . The p r e ssu r e  d ep en d en ce  o f  
th e  m o b ility  a t low  tem p eratu re i s  v e r y  la r g e  (pQ/p = 0.80). The
o O
p ressu r e  d ep en d en ce o f  th e  h op pin g  r e s i s t iv i t y  can  be c a lc u la te d
from 7.2.1 w here th e  p ressu r e  d ep en d en ce o f  i s  n e g lig ib ly  sm all
*
and th e  g r e a te s t  e f f e c t  w ill come from  th e  d ep en d en ces o f  m and  
e g v ia  a^. Such an a n a ly s is  h as b een  u sed  s u c c e s s fu l ly  fo r  
h y d r o sta t ic  p r e ssu r e  e f f e c t s  on p -ty p e  InSb by A la d a sh v ili  e t .  a l. 
(1986)
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f i g u r e  7 .4  P ercen tage  change in  e le c tr o n  m o b ility  to  8 Kbar fo r  
fo u r  sam ples o f  InP.
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f i g u r e  7 . 5  P ercen tage  ch an ge in  e le c tr o n  m o b ility  to  8 Kbar fo r  
th ree  sam ples. S o lid  l in e  I.S.B.E. g en era te d  cu rv e  fo r  sam ple (b). 
D ashed lin e  -  s c a tte r in g  from a c o r r e la te d  d is tr ib u t io n  o f  
p o te n t ia l f lu c tu a t io n s  a p p ro p ria te  fo r  sam ple (e).
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f i g u r e  7 .6  P ercen tage change in  e le c tr o n  m o b ility  fo r  sam ple (c). 
T rian g les exp erim en ta l p o in ts: d o t-d a sh e d  l in e  I.S.B.E.
p red ic tion : so lid  l in e  p ressu r e  d ep en d en ce  o f  e f f e c t iv e  im p u rity  
band m obility: d o tted  lin e  com bined e f f e c t s  o f  im p u rity  band and  
con d u ction  band u sin g  tw o band th eory .
By s u ita b le  a lg e b r a ic  m an ip u la tion  i t  can b e sh ow n  th a t:
= exp
* * 
m (P) m (0)
*
a
- Gs<P> Gs ^  -
„t! /3
Nd *B ->
7.2.2
The c a lc u la te d  p r e ssu r e  d ep en d en ce u s in g  7.2.2 a b o v e  is  
p lo t te d  in  f i g u r e  7 . 6  a lon g  w ith  th e  ex p er im en ta l p o in ts  fo r  th e  
8 Kbar case .
T hese exp er im en ta l r e s u lt s  are in  e x c e lle n t  agreem en t w ith  
th e  th eo ry  fo r  h op p in g  c o n d u c tiv ity .
The tem p eratu re d ep en d en ce  o f  th e  ca rr ier  c o n c e n tr a tio n  i s  
show n in  f i g u r e  7 . 2 . .  The p resen ce  o f  a "hump" in  th e  tem p eratu re  
d ep en d en ce o f  th e  H all c a rr ier  co n cen tra tio n  h a s  b een  u se d  by  
p r e v io u s  a u th o rs  as ev id e n c e  o f  a tw o band c o n d u ctio n  p r o c e ss  (fo r  
exam ple M ott and D av is  (1971) and B a s in sk i and O liv er  (1962) ). 
In clu d ed  in  th e  diagram  is  th e  c o r r e c tio n  fo r  th e  H all fa c to r . As 
can be seen  th is  fa c to r  a lo n e  d o es n o t e x p la in  th e  c h a r a c te r is t ic  
a t a l l  w ell. The u se  o f  a tw o band a n a ly s is  fo r  o u r  sam ple w ould  
seem  ju s t i f ie d  b o th  a s  a r e s u lt  o f  th e  o b serv ed  d ip  in  th e  H all 
c a rr ier  co n cen tra tio n  and th e  fa c t  th a t  th e  lo w  tem p era tu re  
r e s is t iv i t y  can be rep r e se n te d  by th e  h op p in g  form  g iv in g  good  
agreem ent w ith  ex p erim en ta l p r e s su r e  d ep en d en ces.
{JLUXJAZ XU*±
For a tw o band system  th e  fo llo w in g  tw o e x p r e ss io n s  
app ly(M °tt and D av is  (1972):
2 2 n . r . ( i .  + n r= l  l  i  c c c 7.2.3
n . a .  + n ii 1 1  c^ c
(  ^ \ 2  nr p = ( n p  + n . f i . )T l _ c l c _____iTij__ 7 2 .
2 2n ii r + n .  a .  r .c ' c  c 1 1  1
T h ese tw o e x p r e ss io n s  can be com bined  to  g iv e :
nT = "c >tc * n i  7.2.5
Where pT,n,p are th e  m easured  H all m o b ility  and c a rr ier  
co n cen tra tio n . A ll o th e r  n and \i are d r if t  v a lu e s . The i  and c 
r e fe r  to  im p u rity  and co n d u ctio n  ban ds r e s p e c t iv e ly . The 
e x p r e ss io n  7.2.5 i s  sim ply  a s ta tem en t th a t  th e  t o t a l  c o n d u c t iv ity  
i s  eq u a l to  th e  sum o f  th e  in d iv id u a l c o n d u c t iv it ie s  o f  th e  tw o  
bands.
In th e  a n a ly s is  jlu i s  ta k en  as c o n s ta n t  and e q u a l to  th e  low
tem p eratu re v a lu e  o f  th e  m easured  m o b ility . The and n^ are
known fo r  a range o f  tem p eratu res b etw een  300K and 4K. We w r ite  n^
= N -  n w here N is  th e  to ta l  num ber o f  e le c tr o n s  a v a ila b le  and i s  c
in it ia l ly  tak en  as th e  h igh  tem p eratu re  n^,. T h is le a v e s  Mc >nc to  
be d eterm ined  a t each  tem perature.
The a n a ly s is  ta k e s  th e  fo llo w in g  form:
1) The I.S.B.E. i s  u sed  to  g en era te  v a lu e s  fo r  nc th r o u g h o u t  
th e  tem p eratu re range.
2) U sing 7.2.5 and th e  assum ed N v a lu e s  fo r  n c are g en era te d .
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3) U sing 7.2.5 th e  nT are c a lc u la te d  a t 8 Kbar assu m ing  nc and
n  ^ are p r e ssu r e  in d ep en d en t and u s in g  an I.S.B.E. g en era te d  a t
8 Kbar and u. d er iv ed  from  7.2.2. i
4) The v a lu e  N i s  a d ju sted  and th e  p r o c e ss  i s  rep ea te d  from  
s ta g e  2 u n t il  th e  n,p d er iv ed  from  s ta g e  3 r e p r e se n t  th e  b e s t  
p o s s ib le  f i t .
The b e s t  f i t  m o b ility  cu rv e  o b ta in ed  in  t h is  m anner i s  
p lo tte d  in  f i g u r e  7 .1  and th e  co rresp o n d in g  c a r r ie r  c o n c e n tr a tio n  
f i t  in  f i g u r e  7.7'. I t i s  c le a r  th a t  su ch  a p r o c e ss  w ill  g iv e  r is e  
to  n ear p e r fe c t  agreem ent w ith  th e  tem p eratu re d ep en d en ce  o f  b o th  
m o b ility  and c a rr ier  co n cen tra tio n .
A tru e  t e s t  o f  th e  q u a lity  o f  th e  f i t  w ill  b e  a com p arison  o f
th e  p r e ssu r e  c o e f f ic ie n t s  o f  b oth  th e  m o b ility  and c a rr ier
co n cen tra tio n . The th e o r e t ic a l  v a lu e s  are o b ta in ed  u s in g  eq u a tio n s
7.2.3 and 7.2.4 and assum ing  th a t  n c and n^ do n o t  ch an ge w ith
p r e ssu r e  or  change v e r y  l i t t l e .  T his i s  th e  u su a l o b se r v e d  e f fe c t ,
fo r  in s ta n c e  in  th e  c a se  o f  sam ple (b) -  s e e  la s t  ch a p ter . The
p r e ssu r e  d ep en d en ce o f  b o th  fi^ and n,p i s  th en  o n ly  due to  th a t  o f
Hc> and rc - th e  la t t e r  o f  w hich  i s  v e r y  sm a ll <.1%. The
p r e ssu r e  d ep en d en ce o f  nc  i s  d eterm ined  from  th e  I.S.B.E. assu m ing
th e  o b ta in ed  from  th e  tem p eratu re f i t .  The p r e ssu r e  d ep en d en ce
*
o f  jn com es from eq u a tio n  7.2.1 w ith  th e  a p p ro p r ia te  m and e fo r  
th e  req u ired  p ressu r e . The d o tte d  cu rv es  in  f i g u r e  7.6 and 7.8 
are th e  p r e ssu r e  d ep en d en ces  d er iv ed  from  th e s e  e q u a tio n s . I t  i s  
c le a r  th a t  b o th  th e o r e t ic a l  cu rv es  h a v e  th e  r ig h t  form . The 
p red ic ted  p ressu r e  d ep en d en ce o f  n,p i s  ra th e r  la r g e r  th a n  th e  
ex p erim en ta l r e s u lt .  The room tem p eratu re  p r e ssu r e  d ep en d en ce  o f
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f i g u r e  7 .7  H all ca rr ier  c o n c e n tr a tio n  r e s u lt s  fo r  sam ple (c). 
S o lid  l in e  -  th e o r e t ic a l d ep en d en ce assu m in g  tw o band sy stem .
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f i g u r e  7 .8  F ra c tio n a l change in  H all c a r r ie r  c o n c e n tr a tio n  to  
8 Kbar a g a in s t  tem perature fo r  sam ple (c). C irc le s  -  ex p er im en ta l  
p o in ts . S o lid  lin e  -  p red ic ted  p r e ssu r e  d ep en d en ce  r e s u lt in g  from  
th e  p ressu r e  dependence o f  pc and in  tw o band th eo ry .
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m o b ility  is  ra th er  sm a ller  th an  th a t  p red ic te d . Near room  
tem p eratu re th e  m ajority  o f  e le c tr o n s  m ust be in  th e  con d u ctio n  
band (KgT = ,026eV and th e  en ergy  b etw een  co n d u ctio n  and im p u rity  
band m ust be co n s id era b ly  l e s s  than  th e  h y d ro g en ic  don or b in d in g  
en ergy  = 7meV). Thus th e  fa ilu r e  to  p r e d ic t  th e  h ig h  tem p eratu re  
p r e ssu r e  d ep en d en ce l i e s  in  th e  I.S.B.E. c a lc u la t io n  fo r  th e  
c o n d u ctio n  band. S im ilar ly  th e  r e s u lt in g  o v er  e s tim a te  o f  th e  
im portance o f  th e  im p u rity  band a t h ig h  tem p era tu res  r e s u lt s  in  an  
o v e r e stim a te  o f  th e  p r e ssu r e  d ep en d en ce  o f  th e  ca r r ie r  
c o n cen tra tio n  due to  th e  h ig h  p r e ssu r e  c o e f f ic ie n t  o f  m o b ility  in  
th is  band. H ow ever th e  tr u e  im p ortan ce i s  in  th e  fa c t  th a t  th e  tw o  
band th eo ry  i s  a b le  to  d esc r ib e  th e  c h a r a c te r is t ic  cu rv e  sh a p e . 
P r e v io u s ly  th e  on ly  q u oted  ev id e n c e  fo r  a tw o-b an d  sy stem  a t  th e s e  
d op ing  le v e ls  h a s  b een  th e  o b serv ed  hump in  th e  tem p eratu re  
d ep en d en ce alone.(M ott(1974).
R etu rn in g  to  th e  p r e ssu r e  c o e f f ic ie n t  o f  th e  m o b ility . A t low  
tem p eratu re th e  m o b ility  c le a r ly  te n d s  to  th a t  o f  th e  im p u rity
band w hich  m ust be th e  ca se . At h ig h  tem p era tu res  i t  w ou ld  be  
e x p ec te d  th a t  n ea r ly  a ll  th e  ca r r ie r s  w ould  be a c t iv a te d  in to  th e  
co n d u ctio n  band and th e r e fo r e  th e  m o b ility  m ust ten d  to  th a t  o f  
th e  co n d u ctio n  band. The I.S.B.E. f i t  fo r  th e  c o n d u ctio n  band  
o b ta in ed  as a r e s u lt  o f  th e  ab ove tw o band f i t t in g  p r o c e s s  i s  
p lo tte d  on th e  sam e diagram  and th e  c lo s e  agreem ent n ea r  room  
tem p eratu re s u g g e s ts  th a t  th is  i s  in d eed  th e  c a se .
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7.3 HEAVILY DOPED MATERIAL
The m o b ility  and ca r r ie r  co n cen tra tio n  r e s u lt s  fo r  sam ple (e)
are show n in  f i g u r e  7 .1  and f i g u r e  7 . 2  r e s p e c t iv e ly .
Sam ple (e) h as a room tem p eratu re H all c a r r ie r  co n cen tra tio n  
19 -3o f  1.2(10) cm and i s  th u s  fa r  ab ove th e  M ott tr a n s it io n . The
v a lu e  o f  n i s  u n ch angin g  w ith  tem p eratu re down to  4K and th e  H all
m o b ility  ch an ges l i t t l e  w ith  no p e r c e iv a b le  ch an ge below  200K. The
sam ple h as a ll  th e  c h a r a c te r is t ic s  o f  a d eg en era te  doped
sem icon d u ctor. At 200K th e  e f f e c t s  o f  p h on on s lim it  th e  m o b ility  
4 2 - 1 - 1to  20(10) cm v  s  so  a t tem p eratu res b elow  th is  th e  m o b ility  can
be co n sid ered  to  be due p u re ly  to  io n is e d  im p u rity  e f f e c t s .
The sc a tte r in g  due to  p o te n t ia l f lu c tu a t io n s  p r e d ic ts  a  77K 
2 -1  -1m ob ility  o f  1100 cm V s due to  a co r r e la te d  d is tr ib u t io n  w ith  a
com p en sation  r a tio  o f  zero and Tq=800K (Y anchev and E vtim ova
(1986)). The random c a se  p ro d u ces a m o b ility  s l ig h t ly  la r g e r  th an
th e  I.S.B.E. b u t in  r e a so n a b le  agreem ent w ith  i t .  The c o r r e la te d
2 -1  -1ca se  r e s u lt s  in  a m o b ility  in  th e  reg io n  o f  1100 cm V s  w hich
2 -1  -1i s  v ery  c lo s e  to  our ex p er im en ta l v a lu e  \l^  -  900 cm V s  . The 
tem perature d ep en d en ce o f  th e  Y anchev m odel i s  v e r y  w eak as  can be  
seen  by th e  d ash ed  lin e  p lo tte d  in  f i g u r e  7 .1  g iv in g  good  
agreem ent th ro u g h o u t th e  reg io n . It sh o u ld  be n o te d  th a t  to  o b ta in  
agreem ent u s in g  th e  I.S.B.E. i t  w ould  be n e c e s sa r y  to  u se  a 
com pensation  r a tio  o f  K>.7,w h ich  w ould  s u g g e s t  an en orm ou sly  la r g e  
a ccep to r  d e n s ity  fo r  a sam ple w h ich  w as n o t  d e lib e r a te ly  
com pensated .
It i s  in te r e s t in g  to  n o te  th a t  th e  Fermi en erg y  i s  eq u a l to  
85meV w hen th e  c o r r e c t io n s  fo r  e le c tr o n -e le c tr o n  ex ch a n g e , band
ta il in g  and tem p eratu re g iv e n  in  ch a p ter  3 are ta k en  in to  accou n t. 
Thus th e  Fermi le v e l  i s  w e ll in to  th e  co n d u ctio n  band th ro u g h o u t  
th e  tem p eratu re range 4-300K and h en ce  im p u rity  band co n d u ctio n  
d o es n o t a f fe c t  th e  e le c tr o n  m o b ility  ev en  a t th e  lo w e s t  
tem p era tu res.
Turning now to  th e  p r e ssu r e  r e s u lt s .  The tem p eratu re  
d ep en d en ce o f  th e  p r e ssu r e  c o e f f ic ie n t  i s  p lo tte d  in  f i g u r e  7.5: 
The p r e ssu r e  c o e f ic ie n t  i s  a lm ost c o n sta n t  th ro u g h o u t th e  
tem p eratu re range co n s id ered  sh ow in g  no ch a n g e -o v er  b etw een  
co n d u ctio n  band and im p u rity  co n d u ctio n  o b serv ed  in  th e  lo w er  
doped  sam ples.
The p r e ssu r e  d ep en d en ce  d er iv ed  from  th e  Y anchev m odel 
assum ing a co rr e la ted  d is tr ib u t io n  and th e  same p aram eters a s  fo r  
th e  tem p eratu re f i t  h a s  a lso  b een  p lo t te d  in  f i g u r e  7.5 and sh o w s  
v e r y  good  agreem ent th ro u g h o u t th e  w h o le  tem p eratu re ran ge.
The ca rr ier  co n cen tra tio n  fo r  th is  sam ple d o e s  n o t ch an ge as  
a fu n c tio n  o f  p r e ssu r e  sh ow in g  none o f  th e  anom olous " d ip s” 
th a t  m ight be a s so c ia te d  w ith  a tw o band system . T his i s  to  be  
e x p e c te d  fo r  su ch  a h ig h ly  doped  sam ple w here th e  im p u rity  band  
m ust h ave  m erged w ith  th e  co n d u ctio n  band.
7.4 GENERAL DISCUSSION
For d ir e c t  com parison  o f  th e  sam ples th e  p erce n ta g e  ch an ge in  
H all m o b ility  to  8 Kbars h as b een  p lo tte d  as a  fu n c tio n  o f  H all 
m o b ility  fo r  th e  th ree  tem p eratu re r e g io n s  (150K, 77K and fo r  th e  
low  tem p eratu re ca se  ). T h ese are show n in  f i g u r e s  7 .9 , 7 .1 0 ' and  
7.11 r e sp e c t iv e ly . For th e  h ig h  tem p eratu re c a s e s  th e r e  i s  a
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H a l l  M o b i l i t y  a t  O K b a r ( < m ^ / V * )
f i g u r e  7 . 9  P ercen ta g e  ch an ge in  H all m o b ility  to  8Kbar a s  a 
fu n c tio n  o f  H all m o b ility  a t  150K. S o lid  l in e  -  I.S.B.E.. D ashed  
l in e  sc a tte r in g  from  a c o r r e la te d  d is tr ib u t io n . C ir c le s  
exp erim en ta l p o in ts .
Hall  M o b i l i t y  a t  O K b a r  ( c m ^ / V t )
f i g u r e  7 .1 0  P ercen tage  change in  H all m o b ility  to  8Kbar a s  a 
fu n c tio n  o f  H all m o b ility  a t 77K. S o lid  lin e  -  I.S.B.E.. D ashed  
l in e  sc a tte r in g  from  a co rr e la ted  d is tr ib u t io n . C irc le s  
exp erim en ta l p o in ts .
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f i g u r e  7.11  P ercen ta g e  ch an ge in  H all m o b ility  to  8Kbar a s  a  
fu n c tio n  o f  ca rr ier  c o n cen tra tio n  a t low  tem p era tu re . S o lid  l in e  -  
e f fe c t iv e  m o b ility  assum ing im p u rity  band c o n d u c tio n . D ash ed  l in e  
s c a tte r in g  from  a c o r r e la te d  d is tr ib u t io n . C ir c le s  -  ex p er im en ta l  
p o in ts .
g en era l tren d  to  h ig h e r  p r e ssu r e  s e n s i t iv i t y  a s  th e  m o b ility
red u ces . At low  tem p era tu re  (f i g u r e  7 .10 )  th e  s itu a t io n  i s
som ew hat d if fe r e n t  w ith  th e  p r e ssu r e  d ep en d en ce  v a ry in g  in  a le s s
o b v io u s ly  p r e d ic ta b le  way.
R etu rn in g  fo r  th e  moment to  h ig h er  tem p era tu res . For th e  h igh
m o b ility  sam ple (b) agreem ent w ith  th e  I.S.B.E. i s  r e a so n a b le  a t
b o th  tem p era tu res. T h is i s  w ith in  1% w hich  i s  e q u iv a le n t  to  th e
estim a ted  exp er im en ta l erro r  fo r  th is  ca se .
As th e  m o b ility  red u ces  th e  d e v ia t io n  from  th e  I.S.B.E.
in c r e a se s  u n t il  sam ple (e) w here th e  error  i s  in  th e  reg io n  o f  4%.
19 -3At th is  le v e l  o f  dop ing -  10 cm th e  th e o r y  o f  s c a t te r in g  from
a co r r e la te d  d is tr ib u t io n  o f  im p u r itie s  d e sc r ib e s  th e  p r e ssu r e
d ep en d en ce w e ll in  a l l  th r e e  tem p eratu re ran ges.
For th e  tw o h ig h  tem p eratu re  c a se s , sam ples (c) and (d) l i e
som ew here b etw een  th a t  d escr ib ed  by a to ta l ly  random  d is tr ib u t io n
o f  in d iv id u a l s c a tte r in g  c e n tr e s  (I.S.B.E.) and th a t  d e sc r ib e d  by
th e  co r r e la te d  d is tr ib u t io n  o f  p o te n t ia l f lu c tu a t io n s .
T his w ould  p erh ap s seem  o b v iou s: a s  th e  m o b ility  d e c r e a se s
and th e  io n is e d  im p u rity  c o n c e n tr a tio n  in c r e a se s  c o r r e la t io n
e f f e c t s  o f  im p u r itie s  in  th e  m elt becom e more im p ortan t and th e
m o b ility  te n d s  away from  th e  random s itu a t io n  to  th a t  o f  a
co rr e la ted  d is tr ib u tio n . T his may be tr u e  a t h ig h e r  tem p era tu res
b u t th e  th eo ry  can n ot be ex ten d ed  ab o v e  150K to  sam p les w ith
17 -3im p u rity  c o n cen tra tio n s  le s s  th an  -5.(10) cm . The th e o r y  can,
h ow ever, be u sed  fo r  sam ple (d) w here agreem ent i s  good  a t  77K and
rea so n a b le  fo r  150K.
Below  50K th e  p ressu r e  d ep en d en ces tu rn  around  so  th a t  th e  
16 “36(10) cm doped sam ple h a s a much h ig h er  p r e ssu r e  c o e f f ic ie n t
th an  th e  o th ers . T h is c o n tr a d ic ts  th e  s u g g e s t io n  o f  in c r e a sin g  
im portance o f  c o r r e la t io n  e f f e c t s  fo r  th is  tem p eratu re range.
At th e s e  low  tem p era tu res  io n is e d  im p u rity  s c a tte r in g  
com p lete ly  dom inates and one w ould  e x p e c t  a l l  th r e e  sam p les to  
h a v e  th e  sam e p r e ssu r e  c o e f f ic ie n t s  o f  m o b ility  i f  th e  sam e 
m echanism  is  r e sp o n s ib le  in  a ll  th r e e  c a se s .
I t h as a lread y  b een  e s ta b lis h e d  th a t  fo r  sam ple (c), w h ich  i s  
c lo se  to  th e  M ott tr a n s it io n  th e  m o b ility  and i t s  p r e ssu r e
c o e f f ic ie n t  a t low  tem p eratu re can be w e ll d escr ib ed  in  term s o f  a  
m o b ility  d er iv ed  from  h op p in g  co n d u ction .
For th e  h ig h er  doped  sam ple (e) s c a tte r in g  from  a c o r r e la te d  
d is tr ib u t io n  o f  im p u r itie s  e x p la in s  th e  o b se r v e d  p r e ssu r e  
dep en d en ce w e ll th ro u g h o u t th e  w hole  tem p era tu re  range. In th is  
c a se  th e  sam ple i s  h ig h ly  d eg en era te  and th e  fe r m i- le v e l  i s  w e ll 
in to  th e  co n d u ction  band -  ev en  a t room tem p eratu re. T here i s  no  
sep a ra te  im p u rity  band.
Sam ple (d) h as a  la r g e r  p r e ssu r e  d ep en d en ce  th a n  e x p e c te d  
from  a co rre la ted  d is tr ib u t io n . It i s  doped  fa r  ab o v e  th e  M ott 
tr a n s it io n  so  th a t  th e  h op p in g  c o n d u c t iv ity  i s  n o t s t r ic t ly
a p p lica b le .
At th e s e  co n c e n tr a tio n s , s ta t e s  a s so c ia te d  w ith  in d iv id u a l  
im p u r itie s  w ould  no lo n g er  be lo c a l l is e d  and i t  m ight b e e x p e c te d  
fo r  th e  im purity  le v e ls  to  form  a band o f  ex ten d ed  s t a t e s  sh o w in g  
a m eta llic  (n o n -a c tiv a ted ) form  o f  co n d u ctio n . I t  i s  u n lik e ly
th a t , a t th e se  co n c e n tr a tio n s  su ch  an im p u rity  band w ou ld  be  
sep a ra te  from th e  co n d u ctio n  b an d .(C on sid erin g  fo r  in s ta n c e  th e  
Neumark ex p r e ss io n  w hich  p r e d ic ts  a zero donor b in d in g  en erg y  in  
th e  reg ion  o f  9.(10) )cm . T here ijs a d ip  in  th e  c a r r ie r
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c o n cen tra tio n  w hich  o ccu rs a t a h ig h er  tem p eratu re  th an  fo r  sam ple  
(c). It i s  h ow ever  much sm a ller  and can be ex p la in e d  by v a r ia t io n  
in  H all fa c to r .(se e  f i g u r e  7 .2 )
The low  tem p eratu re m o b ility  fo r  sam ple (d) i s  h ig h e r  th an  
fo r  (c) and (e) w h ils t  i t s  p r e ssu r e  d ep en d en ce  i s  in term ed ia te  
b etw een  (c) and (e).
The p lo t  in  f i g u r e  7 .1 0  fo r  th e  low  tem p eratu re  c a se  in c lu d e s  
th e  p r e ssu r e  d ep en d en ces o f  m o b ility  fo r  b o th  th e  c o r r e la te d  
im p u rity  c a se  and th e  h op p in g  case .
Sam ple (d) h as a p r e ssu r e  d ep en d en ce c lo s e  to  th a t  o f  th e  
c o r r e la te d  d is tr ib u tio n . It i s  h ow ever  s l ig h t ly  la r g e r  and te n d s  
tow ard s th a t  o f  h op pin g  c o n d u c tiv ity .
In th e  f ig u r e  th e  h op p in g  e x p r e ss io n  h as b een  e x ten d ed  as  
a d o tte d  l in e  ab ove th e  M ott tr a n s it io n .
It w ould  be in te r e s t in g  to  in v e s t ig a te  th e  reg io n  b etw een  
sam ples (c) and (d) to  s e e  i f  th e r e  is  a d isc o n tin u o u s  jump a t th e  
M ott tr a n s it io n  from  th e  p r e ssu r e  d ep en d en ce  d eterm in ed  by th a t  o f  
h op p in g  co n d u ction  and th a t  o f  th e  c o r r e la te d  d is tr ib u t io n  
a p p lica b le  to  th e  co n d u ctio n  band.
The p resen ce  o f  com p en sation  co u ld  b rin g  th e  ferm i le v e l  down  
so  th a t  i t  i s  in  th e  t a i l  s ta t e s .  Such an e f f e c t  w ou ld  r e s u lt  in  a  
d eg ree  o f  lo c a lis a t io n  ( o b v io u s ly  s ta t e s  in  t a i l s  becom e  
in c r e a s in g ly  more lo c a ll is e d  w ith  depth).
A lth ou gh  we h ave  no rea so n  to  s u sp e c t  co m p en sa tion  in  sam ple
(d) i t  w ould  be rea so n a b le  to  s u g g e s t  th a t  su c h  a d eg ree  o f  
lo c a lis a t io n  m ight e x p la in  th e  h ig h er  p r e ssu r e  d ep en d en ce  th an
(e).
The e f f e c t  o f  com p en sation  h as b een  u sed  by  R e d fie ld  (1975)
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fo r  th e  c a se  o f  GaAs w here th e  low  tem p eratu re  c o n d u c t iv ity  is  
g overn ed  by h op p in g  b etw een  ta i l  s ta te s .
To t e s t  th e  reg io n  o f  dop ing b etw een  sam p les (c) and (d) 
a d eq u a te ly  w ould  r e q u ir e  a num ber o f  sam ples o f  a c c u r a te ly  known  
com p en sation .
7.5 CONCLUSIONS
The m ajor c o n c lu s io n s  o f  th is  ch a p ter  are  th a t , fo r  h ig h er  
doped sam ples a th e o r y  o f  s c a tte r in g  from  a co r r e la te d  
d is tr ib u t io n  o f  p o te n t ia l f lu c tu a t io n s  d e sc r ib e s  th e  tem p eratu re  
and p r e ssu r e  d ep en d en ce o f  m o b ility  w e ll.
For lo w er  doped  sa m p les  c lo s e  to  th e  Mott tr a n s it io n  th e  h igh  
tem p eratu re m o b ility  can be d escr ib ed  by th e  I.S.B.E. a lth o u g h  i t  
ap p ears to  be in a d eq u a te  a s  a d e sc r ip tio n  o f  th e  p r e ssu r e  
d ep en d en ce.
At low  tem p era tu res fo r  th e  in term ed ia te  d op ed  sam ple th e  
form  o f  co n d u ctio n  i s  hop pin g . T h is d e sc r ib e s  b o th  tem p era tu re  and  
p r e ssu r e  d ep en d en ces w e ll. A tw o band a n a ly s is  can  e x p la in  th e  
"dip” seen  in  th e  la r g e  p r e ssu r e  d ep en d en ce o f  th e  H all c a rr ier  
c o n cen tra tio n . T his i s  fu r th e r  ev id e n c e  fo r  th e  e x is te n c e  o f  a 
sep a ra te  im purity  band in  a d d itio n  to  th e  n orm ally  c o n s id ered  
"dip" in  th e  tem p eratu re dep en d en ce.
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CHAPTER 8 
CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER WORK
The e le c tr o n  m o b ility  in  indium  p h o sp h id e  h a s  b een  m easured  
in  a ran ge o f  sam ples a s  a fu n c tio n  o f  b o th  tem p era tu re  (room  
tem p eratu re down to  4K) and p r e ssu r e  (from  a tm o sp h er ic  p r e ssu r e  to  
8Kbar) u s in g  th e  h ig h  p ressu r e /lo w  tem p eratu re  c e l l .
A n a ly s is  o f  m o b ility  m easurem ents on  v e r y  h ig h  p u r ity  sam p les  
u sin g  th e  I.S.B.E. w ith  stan d ard  s c a t te r in g  m echanism s in c lu d in g  
B rooks H erring io n is e d  im p u rity  s c a t te r in g  p ro d u ces  e x c e l le n t  
agreem ent w ith  th eo ry  i f  a co n d u ctio n  band d efo rm a tio n  p o te n t ia l  
o f  6.7 eV i s  u sed . T h is v a lu e  i s  a m ajor c o n c lu s io n  o f  th e  w ork. 
The e x c e p t io n a l p u r ity  o f  th e  sam ples m easured  m eans th a t  th is  
m ust b e th e  m ost c le a r  d e r iv a tio n  o f  th e  d efo rm a tio n  p o te n t ia l  
from  tr a n sp o r t m easurem ents.
At h ig h er  im p u rity  d e n s it ie s  i t  becam e c le a r  th a t  th e
I.S.B.E. in c lu d in g  B rooks H erring th e o r y  w as n o t  ca p a b le  o f
p red ic tin g  e ith e r  th e  tem p eratu re or  p r e s s u r e  d ep en d en ce  o f
16 “3m ob ility . At ah im p u rity  d e n s ity  o f  around  6(10) cm i t  w as  
fou n d  th a t  th e  I.S.B.E. cou ld  n o t s im u lta n e o u s ly  d e sc r ib e  h ig h  and  
low  tem p eratu re c h a r a c te r is t ic s . S eco n d ly  th e  p r e s su r e  d ep en d en ce  
o f  m o b ility  a t  low  tem p eratu re w as s ig n if ic a n t ly  g r e a te r  th a n  th a t  
p red ic ted  by th e  I.S.B.E.. The low  tem p era tu re  m o b ility  had  a 
p ressu r e  d ep en d en ce c h a r a c te r is t ic  o f  h op p in g  c o n d u c t iv ity . It w as
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fou n d  th a t  by com bining co n d u ctio n  and im p u rity  band  e f f e c t s  u s in g  
a tw o band th eo ry  i t  was p o s s ib le  to  d e sc r ib e  th e  tem p eratu re  
d ep en d en ce o f  b o th  m o b ility  and c a r r ie r  c o n c e n tr a tio n . The 
p r e ssu r e  d ep en d en ce o f  th e  m o b ility  co u ld  a lso  b e  e x p la in e d  w e ll 
u s in g  su ch  a tech n iq u e . The tem p eratu re  d ep en d en ce  o f  th e  p r e ssu r e  
c o e f f ic ie n t  o f  th e  H all c a rr ier  co n c e n tr a tio n  c o n ta in e d  a "dip" a t  
in term ed ia te  tem p era tu res. T h is cou ld  be e x p la in e d  in  term s o f  th e  
tw o band a n a ly s is . T his "dip" in  th e  p r e s su r e  c o e f f ic ie n t  i s  
e v id e n c e  fo r  tw o band co n d u ctio n  in  a d d itio n  to  th e  norm ally  
q u oted  "dip" in  th e  tem p eratu re d ep en d en ce  o f  th e  H all c a rr ier  
co n cen tra tio n .
In th e  ca se  o f  th e  h ig h ly  doped sam ple th e  I.S.B.E. w as n o t  
s u c c e s s fu l in  d escr ib in g  e ith e r  th e  tem p era tu re  or  p r e s su r e  
d ep en d en ce o f  th e  H all m o b ility . I t w as fou n d  th a t  in  th is  c a se  
good  agreem ent w ith  th eo ry  w as o b ta in ed  by c o n s id e r in g  s c a t te r in g  
from  a co rr e la ted  d is tr ib u t io n  o f  p o te n t ia l  f lu c tu a t io n s .
A su g g e s t io n  fo r  fu r th e r  w ork w ou ld  be to  in v e s t ig a t e  m ore 
th o ro u g h ly  th e  low  tem p eratu re tr a n sp o r t  p r o p e r t ie s  fo r  sam p les  
n ear  th e  M ott tr a n s it io n . T h is w ould  r eq u ir e  a ra n g e  o f  sam p les  
o v e r  th e  (1 0 )^  to  (10)^cm   ^ range. Of p a r t ic u la r  in t e r e s t  w ou ld  
b e a s tu d y  o f  th e  low  tem p eratu re p r e ssu r e  d ep en d en ce  o f  m o b ility  
fo r  su ch  sam ples w here i t  w ould  be p o s s ib le  to  in v e s t ig a te  th e  
change o v er  from h op pin g  ty p e  c o n d u c t iv ity  in  an im p u rity  band to  
th e  co n d u ction  band m o b ility  g o v ern ed  by s c a t te r in g  from  a 
c o rr e la ted  im purity  d is tr ib u t io n  ( f ig u r e  7 .11).
APPENDIX (I)
SCATTERING RATES USED IN THE I.S.B.E.
In -th e  fo llo w in g :
1/2
1 - 1 + X
2x
w here a:
a = 1 + h 2 k 2 
*
m E
g
1 -  m
m
and d:
d = 1 /{1  + {(1/m  ) -  l} /a }
(i) P iezo  e l e c t r ic  s c a t te r in g
v  = q 2eT P 2m d {  3 - 6 c 2 +4c^lpe  — I----------------------
67rh e k  o
( ii)  A co u stic  Mode D eform ation  P o te n t ia l
( i i i )  B ro o k s H err in g  I o n is e d  Im p u rity  S c a t te r in g
4 *. 7  ^ ^TT = (q NTm /8ire h k ) BH ^ I ' s  7
ln{l+4k^//3^} 4kz
O 2 + 4k2)l
(iv ) N eu tra l Im purity S c a tte r in g
«fc jfc
yNI = / 20hNN^  a^Be s^m ^
(v) P o lar  O ptic Phonon S c a tte r in g
s (k ,k ') = q wlo j G (k l . , .k ). 
I k 7 -  k
x . 5(E -  E +flwi 0 ) ( Np 0 + e m is s io n  
5(E -  E -ha>l o )N p o a b s o r p t io n
Where G (k,k') i s  an o v er la p  in te g r a l and NpQ is . th e  ph onon  
o ccu p a tio n  number.
APPENDIX(II)
FERMI INTEGRALS
The Ferm i in te g r a ls  F ^  and F- i / 2 o c c u r  i-n th e  B rooks
H erring e x p r e s s io n  3.3.5 are c a lc u la te d  and p lo t te d  in  th e  
fo llo w in g  diagram s. The r a t io  F^/2^F- l /2  *s  P i t t e d  in  th e  seco n d  
diagram .
The Ferm i In teg ra l is:
- 6 0 6
Ireduced Fermi e n e rg y )
The d ep en d en ce o f  th e  Ferm i In te g r a ls  anc  ^ ^ -1 /2  ° n
reduced  Fermi en ergy  rjp.
pxuqje. 1 2 4
5
4
3
2
0
The d ep en d en ce o f  th e  r a t io  ^ ^ £ ^ - 1 /2  on  re<^ucec  ^ Ferm i
en ergy  7jp
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